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Preface
Brackish coastal lagoon is considered an interactional zone between sea salty
water and river's fresh water. When a river ows into the sea or ocean, there
is a transition region in between. We call this region an estuary. Recently, it
has been discovered that what distinguishes fresh water zone from saltwater
zone in estuaries is a zone with a peculiar density separating the two zones.
This zone, which has a dierent salinity from the fresh water and salty
water (Brackish water), is set between bitter and sweet water and it does
not allow them to get mixed. Today we know this zone (barrier). It is well
known that when fresh water placed beside salty water, they do mix. But
in case of estuaries they don't and this is a great capital for them. This
separation has important biological eects on the ocean and the marine
living organisms. Also, it ensures that salty water will not dominate over
the fresh water. This fact was stated in the holy Qur'an around 1400 years
ago.
"And He it is Who had made the two seas join and ow together, one
palatable and sweet, and the other salt and bitter; and between the two He
has made a barrier and inviolable obstruction." Al-Furqan(25), verse 53.
This noble Qur'anic verse depicts one of the wonderful manifestations of
Allah's might in the world of creation. It needs not mentioning that the
existence of natural reasons in such issues does not devaluate them. What
is nature? It is nothing except Allah's will and intention that has bestowed
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Abstract
This research presents a numerical study for El-Burullus lagoon brackish
water as a model example for the other Egyptian coastal lakes on the
Mediterranean Sea. This lake ecosystem has deteriorated since Aswan High
Dam construction, 1965. It is suering from many problems, which might
lead to environmental degradation and substantial changes in its ecosystem.
Lake salinity has suered from signicant decrease due to excess unregu-
lated drainage water euent into the lake, which aected the lake ora and
fauna. The purpose of the current study is to restore the salinity condi-
tions of El-Burullus Lake to those before the construction of Aswan High
Dam. For this purpose, three models are developed to simulate the lake
hydrodynamics, circulation and salinization dynamics process.
The rst model is a depth-averaged mass transport model; this model
is based on MAC method on collocated grid for shallow water equations
(MACS) algorithm with unstructured collocated grid system using the dis-
tributed memory system. The model numerical solutions is built on recent
advances to couple numerical processes of hydrodynamic and mass trans-
port equations using the nite volume method (FVM) in discretization.
Further, on the basis of a domain decomposition method, the unstructured
cells are decomposed into multiple sub-domains and their computations
are simultaneously performed with the distributed-memory system. This
method is implemented by message-passing interface (MPI) which signi-
cantly reduces the elapsed time of computation. It is demonstrated that
the parallel eciencies are attained by parallel computations. The model
has been successfully veried against analytical solution to the advection
diusion equation and experimental measurements to transported concen-
tration cloud in a meandering channel. Furthermore, a numerical predic-
tion method for equilibrium and non-equilibrium sediment transport under
current and wave actions has been included in the present model. The
partial dierential equations for two-dimensional (2D) shallow water ow,
suspended-load, bed-load sediment and bed evolution were successfully in-
corporated to predict the bed morphological changes. The developed model
has been tested in dierent laboratory cases: scour downstream solid apron,
shallow basin erosion due to clear water, sedimentation in a channel per-
pendicular to unidirectional ow of current and waves and local scouring
around bridge pier abutment. Generally, good agreement was obtained be-
tween numerical simulation results and experimental data. This fact shows
that the present numerical method is able to predict the sand bed proles
reasonably. After model verication, the developed model is applied to El-
Burullus shallow coastal lake in Egypt. Salinity distribution inside the lake
is reasonably simulated considering the eect of bathymetry, tidal current,
wind, precipitation, evaporation and drainage discharges. It is veried that
the model has the potential for simulating long-term coastal process using
parallel computation.
The second model is a two-phase ow mass transport model; a 2D multi-
phase numerical model for incompressible, immiscible and variable density
uids has been developed to study stratication process of brackish coastal
lakes due to density variation. The governing equations are discretized in
a collocated grid system and solved with a nite volume method. A paral-
lel computation technique in shared memory system is implemented in the
present model by Open Multiprocessing (OpenMP). The developed model
successfully predicted the density current propagation in the lock-exchange
problems for Boussinesq and non-Boussinesq experimental cases. In addi-
tion, the model is applied to simulate salinity intrusion into Ohashi River
that connects Nakaumi and Shinji brackish coastal lakes. The developed
model successfully predicted the density current propagation in the River.
However, this model still needs renement to avoid concentration oscilla-
tions.
The third model is a three-dimensional multiphase model; this model is
based on multiphase incompressible ow solver with collocated grid system
(MICS) algorithm which predicts the interaction between three-dimensional
(3D) free surface ows and solid bodies. The free-surface ow including
solid objects is modeled as a multiphase ow eld. The governing equa-
tions for the multiphase eld are solved on the basis of a nite volume
method with collocated grid system. The model successfully predicted the
density current propagation in the lock-exchange problems for Boussinesq
and non-Boussinesq experimental cases. Moreover, the model is applied to
the experimental results of the Nakaumi-Shinji coastal lakes system. Good
agreement was obtained between experimental results of the density current
propagation front position and those that are numerically estimated.
The validated depth-averaged mass transport model was applied to El-
Burullus shallow coastal lake, Egypt. Five scenarios were studied for further
understanding of the lake circulation and salinity dynamics and to investi-
gate possible means of restoring them to the desired state as before Aswan
High Dam construction. These scenarios revealed the importance of fresh
drainage water release into the lake and the possibility of its use as an ar-
ticial ood similar to pre-Aswan High Dam construction ood under a
well-monitored control system. In addition, the present model was used to
investigate the impact of climate change on the lake salinization process
under two IPCC climate change scenarios (SRES B1 and SRES A2). Al-
though numerical results predicted the increase of salinity values to double
the current values, they were still obviously lower than those before con-
structing Aswan High Dam. A dynamic discharge system is proposed to
re-originate lake salinity under climate change conditions. The multiphase
models are applied on El-Burullus lake for further understanding of the lake
hydrodynamic behavior and the eect of changing the fresh water routing
on the lake stratication. Using the two-phase model, the lake was studied
under actions of the total ux of fresh water and sea water level bound-
ary conditions. The numerical simulation results revealed the necessity of
the three dimensional study. Although, the 3D multiphase model has the
potential to perform accurate numerical simulations, it requires very high
computational resources. It is recommended to use short-term measured
eld data for future simulations.
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Shallow coastal lagoons are a common feature of coastal environments which are a
highly valued natural resource for society. In recent years, coastal lagoons have re-
ceived more attention and concern regarding their increasing use for transportation,
recreation activities and food production. They are also a highly productive systems
that function as nursery areas and feeding grounds for coastal shes and thereby po-
tentially support important commercial and recreational sheries (1). Barnes (2) has
estimated that coastal lagoons occupy 13% of worldwide coastal areas. Coastal lagoons
are inuenced by winds, tides, freshwater ow and location of seawater input. These
respective inuences are determined by anthropogenic impacts, climate, erosion and
sedimentation processes that modify connections and uxes between the lagoon and its
neighboring marine system. There are many alterations in coastal lagoons ecosystems.
They are induced by eutrophication, pollution, hydrological imbalances and ecosystem
modications. Understanding the circulation within a lagoon and natural ushing by
lagoon-shelf exchanges is fundamental to maintaining its ecological health as well as its
economic value (3).
Figure 1.1 shows the major worldwide coastal lagoon districts (4). The Egyptian
shallow coastal lakes are considered among those districts. Land-use changes and hu-
man activities combined with a growing population pose an increasing pressure on the
natural values and ecological health of these lagoons. They are suering from severe
degradation of their ecosystem. The ultimate development of the Egyptian coastal
lagoons through sustainable management plans is seen as an essential approach to
avoid such degradation. Computational uid dynamics is considered a powerful tool
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to understand and analyze the performance of these plans. This study focuses on hy-
drodynamics and sediment transport numerical modeling for shallow coastal lagoons
in order to develop the most adequate solution for its environmental management.
Figure 1.1: Worldwide distribution for major coastal lagoon districts.
1.1 The Egyptian Northern Coastal Lagoons
There are ve lagoons along the north coast of Egypt. These lagoons are Maryout,
Edku, Burullus, Manzala and Bardawil, as shown in Figure 1.2. They form 50% to
70% percent of the Egyptian northern coastline where each of them has specic charac-
teristics (5) as shown in Table 1.1. Each Lagoon is subjected to a variety of pressures
which may threaten existing economic, social and environmental aspects (6). The la-
goons are commonly shallow with a varying salinity from brackish to hyper saline since
2
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they are usually connected to the Mediterranean Sea via narrow inlets and are sepa-
rated from the Sea by a narrow sand bar. The Mediterranean Sea tides govern water
exchange in the lagoons. Several man-made wetlands are also found around the border
including sh farms, salt-pans, canals and drains carrying water from irrigated elds.
The gradient between the brackish part of the lake and marine waters provides a unique
zone where many marine and fresh water organisms ourish. Lagoons are physiographic
features that usually include a complex of various biotope types and habitats.
Table 1.1: Surface area and typology of northern coastal lagoons in Egypt.
Maryot Edku Burullus Manzala Bardwil
Area (km2) 50 80 410 780 660
Water salinity
Fresh Brackish Brackish Brackish Hyper
water water water water saline
Drainage input
2.2 1.4 4.0 3.7 -
(billion m3)
Water depth
0.4 - 0.8 0.3 - 2.0 0.4 - 2.4 0.4 - 3.0 0.0 - 2.2
(m)
The Egyptian northern coastal lagoons are a highly valued natural resource for
the society. They support a network of signicant ecological communities as well as a
diverse range of recreational activities. Many of the coastal areas in north Egypt are
in at or low-lying areas, which are particularly vulnerable to ooding and inundation.
Coastal wetlands are particularly important in the northern zone because they can help
reduce ooding under the expected sea level rise. The lagoon plant vegetation provides
habitat for many aquatic invertebrates which are considered food for larger animals
such as sh or birds. In addition, they provide inhabitants with various activities as
shown in Table 1.2 and Figure 1.3, as follows:
Fishing : Fishing is the leading economic activity in the coastal lakes which produces
about 11% of the Egyptian total sh productivity in 2009, Figure 1.4.
Reed harvesting : Substantial amounts of reeds are cut and used for various purposes.
Green shoots are used as fodder for livestock while the sun-dried stems are sold to be
used in the demarcation of the cultivated elds on the sand bar or as building materials.




Figure 1.2: Geographical location of the Egyptian coastal lagoons: (a) location in Egypt
and (b) shows the ve coastal lagoons which are separated from the Mediterranean Sea by
a narrow sand bar and are connected to the sea water through small inlets.
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Bird hunting : Bird catching is a widespread activity in the coastal area, and is largely
concentrated in the autumn and winter. Birds use lagoons as feeding grounds during
migration or as breeding areas. Quail catching is a traditional activity along the entire
Mediterranean coast of Egypt. The catch is usually transported to nearby towns and
cities where it may be sold for a reasonable price.
Salt production: Commercial salt production is carried on the lakes shoreline. Solar
evaporation is used to concentrate the lake waters to produce either salts or highly
concentrated brine (water with high salt content).
Livestock breeding : Villagers around the lagoons shoreline breed herds of bualoes,
cows, sheep, goats and camels.
Tourism: A modest tourist industry has existed for a long time in the coastal area. It
is based on attracting the Egyptian tourists during summer months.
Fish farming : Fish farming is a widespread and increasing activity along the shores of
the lakes. It shares with 46% of the total sh productivity in Egypt, Figure 1.4. In the
last decade, considerable areas have been allocated to aquaculture owing to availability
of water and a much higher protability than that achieved by agriculture.
Table 1.2: Activities carried out in the coastal lagoons zone (other than sheries and
aquaculture).
Maryot Edku Burullus Manzala Bardwil
Reed harvesting +++ +++ +++ +++ -
Bird hunting + ++ +++ +++ ++
Salt production - + ++ ++ +++
Livestock breeding + ++ +++ +++ +
Tourism - + ++ ++ ++
Shipyard - - + + +
1.2 Statement of The Problem
Egyptian coastal northern lakes suered from various problems which might lead to
environmental degradation, shortage in sh catch and substantial changes in its ecosys-
tem. Among those lakes is El-Burullus Lake which will be more or less representative
of the Egyptian coastal lagoons in this study. El-Burullus lagoon brackish water is one
of the most important Egyptian northern lakes from an economical point of view. This
lake produces about 40% of sh productivity of the northern lakes in Egypt. Several
5
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Figure 1.3: Dierent activities around Egyptian northern coastal lagoon, El-Burullus
Lake.
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Figure 1.4: Classication of sh production in Egypt, 2009.
studies have been carried out on the dierent aspects of the lake ecology (7, 8), which
showed that the water quality of the lake has changed over time. Lake Burullus was
predominantly saline in the northern zone and brackish in the southern zone, with a
salinity gradient between both zones. Following the completion of the Aswan High Dam
on the Nile River in 1965, the fresh water resources became fully regulated and this
lead to an increase in the intensity of agricultural irrigation and synthetic fertilizer con-
sumption. This dramatic change leads to a rise in the amounts of agricultural drainage
received by the lagoon before they are discharged to the eastern Mediterranean Sea
through a small breach-way. It is now almost brackish throughout the entire basin.
In particular, salinity values were signicantly high for various areas during 1973 com-
pared with 2002 (9, 10), as shown in Figure 1.5.
According to the Egyptian Environmental Aairs Agency (EEAA), these factors
have led to; (i) substantial reed growth (Phragmites australis) extending coverage over
a major part of the Lake's area, (ii) changes in the species composition of the fauna
and ora, and (iii) socio-economic consequences as a result of changes in commercial
sh availability from highly-prized marine species to the much cheaper tilapia. In 2002,
EEAA (11) introduced a management plan in order to restore the Lake's ecological
system. They included ve main long-term objectives to be achieved by 2010 through
eld actions (programs and projects) and establishment of eective institutional ar-
rangements. These objectives were: (1) restoring the ecological and landscape values
7
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which have been lost or damaged, (2) maintaining and enhancing the ecological and
landscape values of the site, (3) conserving El-Burullus Lake natural resources through
sustainable management, (4) improving socio-economic conditions for local people, and
(5) developing public awareness and respecting for nature conservation. In addition,
some suggestions were introduced to restore the Lake's natural hydrological system:
 Re-institute the procedure of "winter closure" in the southern outskirts of Lake
Burullus.
 Divert part of the drainage water (i) to be reused in newly reclaimed lands, or
(ii) to directly ow to the sea.
 Maintain the sea inlet to keep it opened and clear to ease seawater ow into the
Lake.
Although, these suggestions are valuable and could be eective, Younes and Nafea
(12) concluded that the lake ecological conditions are still in degradation. Figure 1.5
shows a slight decrease in salinity values at the middle and western area of the lake in
2011 are than 2002. Salinity values in 2011 still very low and almost no improvement
was achieved through such management plan. Management practices in coastal lagoons
notably act on the control of freshwater inow and connections with the sea (13, 14).
Understanding the inuence of connections and uxes on lagoon fauna is important to
be able to predict the ecological impacts of management plans (14, 15). Therefore, a
reliable and eective management of coastal lakes should be based on a clear insight
into the physics of the lake hydrodynamics.
Figure 1.5: Salinity values inside El-Burullus lagoon in the eastern, middle and western
area during 1973, 2002 and 2011.
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1.3 About The Dissertation
1.3.1 Objective of the research
Coastal lagoons experience forcing from river input, wind stress, tides, precipitation to
evaporation balance, and surface heat balance. Water and salt balances, lagoon water
quality, and eutrophication depend critically on lagoon circulation, salt and material
dispersion, water exchange through the sea connected canal(s) as well as residence or
ushing times. The understanding of physical hydrodynamics, circulation and ecologi-
cal dynamics of the lagoons is important for planning and implementation of manage-
ment strategies in coastal lagoons. Figure 1.6 shows the dierent parameters included
in this study to sustainably manage El-Burullus coastal lagoon.
Figure 1.6: Various parameters included in this study to sustainably manage El-Burullus
lagoon, Egypt.
The main objectives of this study are summarized as follows.
1. The overall aim of the proposed study is to provide a comprehensive understand-
9
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ing of El-Burullus shallow coastal lagoon's hydrodynamic physical process that
inuence its environmental conditions to identify enhancement, development and
management needs to ensure the long-term ecological sustainability of the La-
goon.
2. Develop numerical models (hydrodynamic modeling and mass transport model)
that can simulate the coastal lakes as well as its related processes (that is, hydro-
dynamic and sedimentary processes, including tidal behavior, freshwater inputs,
water balance, mixing, exchange with the Mediterranean Sea, density current,
geomorphological characteristics and sediment movement).
3. To determine which forcing parameters control the lagoon's salinity regime.
4. If possible, to investigate possible means of restoring them to the desired state as
before Aswan High Dam Construction.
5. The likely impacts of future climate change including sea-level rise.
6. To this may be added, integrate the hydrodynamic model and sediment transport
model to evaluate the lake sedimentation problems.
1.3.2 Outlines of the dissertation
This dissertation concerns the numerical study of El-Burullus coastal lagoon hydrody-
namics and mass transport based on recent advances in numerical solutions. To the
best of the author's knowledge, it is the rst hydrodynamic model that simulates El-
Burullus Lagoon and it is applicable for all the Egyptian coastal lagoons. The present
dissertation is organized in eight chapters. In this chapter, the importance of the Egyp-
tian coastal lagoons, the motivation and the objectives of this study, together with a
brief introduction of the dissertation contents are presented.
Chapter 2 provides the details of the depth-averaged mass transport model govern-
ing equations and its discretization. In addition, a high performance computing
system is introduced to shorten the computational time. The model is validated
against analytical solution of the advection diusion equation and experimental
measurements for transported concentration cloud in a meandering channel.
10
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Chapter 3 describes El-Burullus lagoon study area, the lake problems, and the eld
data which are used to calibrate the model. The model is applied on the lake to
simulate its salinization process. Five scenarios were studied for further under-
standing of the lake circulation and salinity dynamics and to investigate possible
means of restoring them to the desired state as before Aswan High Dam Construc-
tion. These scenarios revealed the importance of fresh drainage water discharges
into the lake and the possibility to change the discharge routing.
Chapter 4 outlines the model application to investigate the impact of climate change
on salinization process in El-Burullus Lake. The model is used to predict the
salinization and circulation processes occurring under the eect of two global
emissions scenarios (SRES A2 and SRES B1). Through numerical simulation,
a dynamic discharge system is proposed to re-originate the lake's salinity under
climate change conditions.
Chapter 5 introduces a depth-averaged sediment transport model. The partial dif-
ferential equations for 2D shallow water ow, suspended-load, bed-load sediment
and bed evolution are incorporated to predict the bed morphological changes.
Two approaches of sediment transport modeling are introduced: the equilibrium
and the non-equilibrium approaches taking into account current and wave actions
in coastal areas. The developed model is validated against dierent scour prob-
lems and its validity is examined. Also, a comparison between the results of the
two approaches is discussed.
Chapter 6 contains the 2D vertical multi-phase ow model's governing equations and
the modeling numerical procedures. The computational method is described in-
cluding the open multiprocessing computation technique. The model is validated
against the Boussinesq and non-Boussinesq lock exchange problems. In addition,
it is applied on Ohashi River to validate its applicability. Finally, it is used to
simulate El-Burullus lake breach-way.
Chapter 7 presents 3D computational multi-phase ow model's governing equations
and numerical procedures. The model is validated against the Boussinesq and
non-Boussinesq lock exchange problems. In addition, The model is applied on
11
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experimental results for Shinji-Nakaumi brackish coastal lakes system to test its
applicability.




In this chapter, a two-dimensional depth-averaged mass transport model is developed
to simulate shallow coastal lakes under actions of wind, waves, tidal current, rain,
evaporation, and euent ows from drains and rivers. MAC method on collocated
grid for shallow water equations (MACS) is used to solve the ow governing equations.
This algorithm was originally proposed using structured collocated grid and it was
conrmed that this method is able to predict dam-break problems, hydraulic jumps,
sub-critical and super-critical ows stably and accurately without articial diusions,
(16, 17). Yamashita and Ushijima (18) extended this algorithm for unstructured collo-
cated grid system. This research builds on recent advances for numerical solutions to
couple numerical processes of hydrodynamic and mass transport equations using the
nite volume method (FVM) in discretization. Further, on the basis of a domain de-
composition method, the unstructured cells are decomposed into multiple sub-domains
and their computations are simultaneously performed with the distributed-memory sys-
tem. This method is implemented by message-passing interface (MPI) which allows us
to signicantly reduce the elapsed time of computation. The predicted model was ver-
ied against analytical solution of the advection diusion equation and experimental
measurements for transported concentration cloud in a meandering channel.
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2. DEPTH-AVERAGED MASS TRANSPORT MODEL
2.1 Governing Equations and Discreatization
2.1.1 Flow governing equations
The governing equations for ow are the shallow water equations, Eq.(2.1)-Eq.(2.3),
which describe the ow conditions in the horizontal domain 
 and appear in the integral






























F i  n dl (2.2)
with
F i =  Miu  g h(Hki) + trMi (2.3)
where t is time and h is the water depth which is dened as H   zb; H and zb are
water surface and bed levels measured from a horizontal datum as shown in Figure 2.1;
g and  are the gravity acceleration and the density of the uid, respectively, which
are assumed to be constant; n is the unit normal vector on the domain boundary @

towards the outside direction; u is the depth-averaged velocity vector;M is the vector
representing the ow rate of unit width, M = uh; Mi is the unit width ow rate with
subscript i = 1 and 2 representing unit ow rate in x- and y-directions; x and y are
the horizontal orthogonal coordinates; Qh is the volumetric source/sink term including
rain and evaporation; ki is a unit vector in xi direction; and  b is the shear stress at












The eddy viscosity t is expressed using the parabolic eddy viscosity model:
t =  u h (2.5)
where  is an empirical coecient, set as 0.05-0.3 in this study, and u is the friction
velocity. Surface shear stress  s at water surface is usually computed as (19):
si = CD ajuwjuwi (2.6)
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where CD is the drag coecient, set as 1.125x10 3; a is air density, set as 1.176





The wave radiation stress vector S is represented based on linear wave theory (20) by:
S =

Sxx  n1 + Sxy  n2






E(1 +G)cos2 +G (2.8)

















where hw is the wave height; k is the wave number; n1 and n2 are normal unit vectors
in x- and y-direction, respectively; and  is the angle between wave crest and x-axis.
2.1.2 Flow governing equations discretization
The ow governing equations are discretized using the Finite Volume Method (FVM)
which are evaluated by divergence theorem for unstructured collocated grid system
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Figure 2.1: Schematic sketch for the unstructured mesh and the model parameters.
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where mi is the unit ux vector at the cell boundary in i direction; mk stands for
(m1k, m2k), see Figure 2.1; and x1 and x2 are parameters that control the implicit
and explicit weight for convection and diusion terms. In the C-ISMAC method, the
following relationship can be used:
Mn+1i =M
n
i + ~Mi (2.15)
Substituting Eq.(2.15) into Eq.(2.14), the following linear equation system is used to
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1
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(Unk   jUnk j) ~MiE +
1
2
(Unk + jUnk j) ~Mio (2.18)







where lk is the mesh side length on a k side number; The convection ux is calculated
by the rst-order upwind method, as presented in Eq.(2.17) and Eq.(2.18); Unk stands
for unjk  nk; MiE and Mio are dened at the cell-center of the element E and o,
respectively as shown in Figure 2.1; and the diusion term is approximated as shown in
Eq.(2.19) and Eq.(2.20). In the collocated grid system, Ushijima et al. (16, 17) identify
the importance of removing source terms (i.e. water level gradient, wave radiation
stress, bottom friction stress and surface stress) to improve the numerical stability and
accuracy. As a result, a tentative ux Mi at cell center for all cells can be calculated














Skinki lk + Mniot+ siot
(2.21)
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Then the tentative ux mi at cell boundary can be calculated by taking the arithmetic






In MACS method, in order to get the ux mn+1ik at n+1 time step, the source terms are












Sknki lk   mnikt  siot
(2.23)












Sknki lk   mnikt  siot
(2.24)






(E   o)nkilk (2.25)
in which,
E = Hn+1E  HnE  hn+1E   hnE (2.26)
Substituting Eq.(2.25) into continuity equitation Eq.(2.13), the linear relationship for



























mk  nklk (2.27)
By solving the linear system given by Eq.(2.27), o can be determined and mn+1 can
be estimated from Eq.(2.23). The water depth hn+1 can be calculated using Eq.(2.13).
Once hn+1 is calculated, Mn+1 at the cell center is obtained by adding source terms to




















2.1 Governing Equations and Discreatization
2.1.3 Mass transport equation























where c is the depth-averaged concentration of transported material; and c is turbulent
Schmidt number for concentration diusion, which represents the ratio of eddy viscos-
ity to eddy diusivity;  is a correction factor representing the ratio between depth
averaged transported concentration and ow velocities; and (E D) is the source term
which represents sink or source to the transported material.
2.1.4 Mass transport equation discretization
The advection diusion equation is discretized using the FVM which is evaluated by
divergence theorem for unstructured collocated grid system using the C-ISMAC method
(21) and similar to the momentum equation of the ow governing equations. Let




















































In the CISMAC method, the following relationship can be used;
Qn+1 = Qn + ~Q (2.32)
Substituting (Eq. 24) into (Eq. 23), the following linear equation system is used to get











( CQk +DQk) lk + (E  D)t (2.33)
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where QE and Qo are dened at the cell-center of the element E and o, respectively;
and doE is the distance between these cells' centers as shown in Figure 2.2. Once
Qn+1 is calculated using Eq.(2.32), the depth averaged concentration c is estimated as
c = Q=h.




Boundary condition is needed at the inlet and outlet in order to derive a well-imposed
solution for the ow and mass transport equations according to ow regime; subcritical
or supercritical. In this study, only the subcritical ow case is considered below.
2.2.1 Flow boundary conditions
Wall boundary conditions: The velocity at the wall is non-slip and has a value of zero
and the water depth gradient is set to zero.
Inow boundary conditions: Inlet boundary condition is usually a time series of unit
width ux or ow velocity and it is essentially to determine the ow direction in the x-
and y-directions. The water depth gradient is set to zero.
Outow boundary conditions: The boundary condition at the outlet is the measured
water stage while the gradient of velocity along the ow direction at the outlet boundary
is set to zero.
2.2.2 Mass transport boundary conditions
Wall boundary condition: The mass-transported concentration gradient is set to zero.
Inow boundary conditions: The mass-transported concentration must be given at each
point of the inow boundary.
Outow boundary conditions: The mass-transported concentration gradient in the ow
direction is set to zero.
2.3 High Performance Computing System
The computational method is performed based on high performance computing system.
The domain of the generated unstructured cells is decomposed with METIS library
(Karypis and Kumar (22), 1998) which is a free Package for domain decomposition
into various subdomains. The computations are implemented by a group of processors.
Each processor is responsible on a subdomain where computations are simultaneously
performed with the distributed-memory system. The code is implemented using MPI
(23) for distributed-memory system which is a library for communicating data mes-
sages between dierent subdomains at the sub-domains' boundaries as shown in Figure
21
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2.3. Supercomputer at Kyoto University was used to perform these computational pro-
cesses. Using the high performance computing system method signicantly decreases
the computational time as well as the necessary memory capacity in each processor.
Figure 2.3: Domain decomposition method and data messages between various sub-
domains using MPI.
2.4 Model Validation
The present model has been tested to evaluate its applicability. Therefore, it was
applied to predict mass transported materials and compared with analytical solution
and experimental data. The simulation results in these test cases are described below.
2.4.1 Comparison with analytical solution
Transport model has been veried using analytical solution of the advection diusion
equation subjected to a continuous load of substance concentration for nite duration.























































































For the tested channel shown in Figure 2.4, the channel length is 15 m, constant velocity
(U) = 0.30 m/sec, and mixing coecient (D) or (t/c) = 0.3 m2/sec. The initial
injected concentration (Co) is 100 g/m3 for nite duration (tf ) = 5 seconds, and a
decay factor, kd = 0. Figure 2.5 shows a coincidence between the calculated and the
theoretical results for  = 0:96 which will be used for all consequent simulations.
Figure 2.4: Schematic sketch for the test channel.
2.4.2 Comparison with experimental measurements
The model was applied to the experimental results obtained by Beak et al. (25) who has
carried out a series of experiments in S-curved laboratory channels for transient tracer.
Case 101 for left-bank tracer injection was selected in this study. The experiments
were conducted in a 15 m long, 1 m wide and 0.6 m deep. It consisted of circular arcs
connected by straight sections as shown in Figure 2.6. The initial concentration of the
injected tracer was 100,000 g/m3. Figure 2.7 and Figure 2.8 compare the computed and
measured results for velocity eld and the transient concentration cloud, respectively.
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Figure 2.5: The time series of concentration at channel downstream section for theoretical
solution and simulated results.
The comparison between predicted and measured results shows a good spatial and
temporal agreement.
Figure 2.6: Schematic sketch for meandering channel.
2.5 Summary
A depth-averaged mass transport model based on MACS algorithm for shallow water
equations coupled with mass transport equation has been developed. The computa-
tional method was performed based on high performance computing system; domain
decomposition method and MPI for distributed memory system. This model is able
to predict mass transported concentrations in shallow waters. The model has been
successfully veried against analytical solution to the advection diusion equation and




Figure 2.7: Comparison between depth-averaged calculated and measured velocities at
dierent sections.
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Dynamics as a Management Tool
This chapter is representing a numerical study for El-Burullus lagoon brackish water
as a model example for the other Egyptian coastal lakes on the Mediterranean Sea.
This lake ecosystem has deteriorated since Aswan High Dam Construction, 1965. It
is suering from many problems, which might lead to environmental degradation and
substantial changes in its ecosystem. Lake salinity has suered from signicant de-
crease due to excess unregulated drainage water euent into the lake, which aected
the lake ora and fauna. The purpose of the current study is to restore the salinity
conditions of Burullus Lake to those before the construction of Aswan High Dam. For
this purpose, the validated depth-averaged mass transport model is used to simulate
salinity distribution under actions of bathymetry, tidal current, wind, precipitation,
evaporation and drainage discharges for El-Burullus shallow coastal lake. After model
verication, ve scenarios were studied for further understanding of the lake circulation
and salinity dynamics to investigate possible means of restoring them to the desired
state as before Aswan High Dam Construction.
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3.1 The Study Area
Burullus lagoon brackish water (31o 22' - 31o 26' N and 30o 33' - 31o 07' E), on the
northern Egyptian coast, Figure 3.1, is one of the most important Egyptian northern
lakes from an economical point of view. It is located on the delta between Rosetta
and Damietta branches of the Nile. Water depth is ranged between 0.50m and 2.00m
and separated from the Mediterranean Sea by sand dunes to the north and sh farms
along its southern margin. The lagoon intercepts great amounts of agricultural euents
before they are discharged to the eastern Mediterranean Sea through a small breach-
way. It is suering from many problems, which might lead to environmental degradation
and substantial changes in its ecosystem. Several studies have been carried out on the
dierent aspects of the lake ecology (7, 8), which showed that the water quality of the
lake has changed over time. These changes are related to human intervention (26, 27).
Figure 3.1: Layout of Burullus Lake presenting dierent connected drains.
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Figure 3.2 introduces a chain process that led to severe environmental degradation of
Burullus Lake. Once the drainage discharge increased after constructing Aswan High
Dam, the lake desalination started which was the major factor aecting vegetation
prevalence in the lake. Vegetative colonies oered a suitable environment for sediment
trapping which led to decrease the lake size and reduced the lake residence time. Again,
the lake size reduction while the lake is intercepting great drainage water, which led to
the lake desalination. Since the sea water couldnt intrude the lake due the lake water
level rise. This process led to change the composition of the aquatic fauna, which lead
to Socio-economic consequences as a result of changes in commercial sh availability
from highly prized marine species to the much cheaper tilapia. These problems are
explored in details in the following subsections.
Figure 3.2: Burullus Lake environmental degradation cycle.
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3.1.1 Desalinization
Burullus wetland is one of the disposal areas for agricultural drainage water in Egypt.
It receives most of drainage water of the Nile Delta region through the drainage system.
Figure 3.3 shows that the lake agricultural catchment area is covering about 68% of the
middle Nile Delta region. Recently, the marine ecosystem in the lake has deteriorated
due to discharges of excessive agricultural drainage water into the lake. Most of the
drainage zones end with pumping stations which lift the drainage water into Burullus
Lake as the case with drains 7, 8, 9, and 11. Few drainage zones discharge their water
into the lake freely as the case of Brimbal canal.
Figure 3.3: Burullus Lake catchment area.
Following the completion of the Aswan High Dam on the Nile River in 1965, Egypt's
fresh water resources became fully regulated and the intensity of agricultural irrigation
and synthetic fertilizer consumption increased, leading to a rise in the amounts of
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agricultural drainage received by the lagoon. The total amount drained was about
2.3-2.7 billion cubic meters, which increased in 1970 to about 3.2 billion cubic meters,
and in 2001 and later, a higher value of about 4.0 billion cubic meters was reached
(27). These factors, combined with increases in upstream pollution have signicant
and often dramatic ecological eects. Salinity as an ecological indicator has decreased
over time while nutrient concentrations, including organic and inorganic nitrogen, have
increased. Salinity values are signicantly high for various areas during 1973 compared
with 2002 as shown in Figure 3.4. Even the minimum salinity values in 1973 is higher
than the maximum values in 2002 (9, 10).
3.1.2 Fish productivity
One evidence on the environmental conditions degradation is the distribution of the
aquatic fauna in the lake that originally consists of fresh and marine water sh. Table
3.1 gives the percentage weight records of the sh species catch in the experimental
shing at El-Burullus Lake in 1973 and 2002. It is clearly shows that the marine sh
species decreased in the experimental catch from 15.99% in 1973 to 1.81% during 2002.
On the other hand, the percentage of freshwater sh catch increased from 81.72% in
1973 to 98.18% during 2002 (9). The absence of favorable environmental conditions and
the decreased values of salinity are the main factors aecting presence of aquatic fauna
in the lake. In addition, escaping marine sh to the sea aects the socio-economic con-
ditions of the local inhabitants. Since marine sh is more delicious and more expensive
than freshwater sh.
3.1.3 Vegetative colonies prevalence
Prevalence of common reeds (phragmites australis) inside the lake is also considered
signicant evidence on the environmental conditions degradation. These vegetative
areas compose vegetative colonies that obstacle navigation inside the lake, Figure 3.5.
Moisture, salinity and sedimentation were the main factors that governed the plant
succession in Burullus Lake with the decrease in salinity being the main factor that
lead to the formation of these communities (28). Phragmites marshes oer poor-quality
habitats for larval and juvenile sh (29), whose mobility is reduced by progressive
clogging of shallow-water areas following litter and sediment accumulation (30, 31).
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Figure 3.4: The minimum and maximum values of water salinity at various areas of
Burullus Lake recorded in 1973 and 2002; (a)eastern area, (b)middle area, and (c)western
area.
32
3.1 The Study Area
Table 3.1: Percentage weight of marine and freshwater sh species in experimental shing
at El-Burullus Lake 1973 and 2002.
Fish species 1973 2003
Tilapia 68.06 93.87
Clariaus lazara 11.58 3.42
Bagrus bayad 2.08 0.90
Total fresh water 81.72 98.18
Liza ramada 8.76 1.81
Mprpome lanrax 1.54 -
Morone puncata 3.61 -
Mugil cephalus 1.54 -
Angulia Sp. 0.54 -
Total marine sh 15.99 1.81
Hellings and Gallagher (32) conducted many experiments and concluded that reeds
height, density and biomass is negatively aected by increasing salinity. Moreover,
cutting reeds and ooding with brackish water (salinity 10 ppt) is able to prohibit
further growth for 18 months.
Figure 3.5: A plate shows the vegetative colonies propagation in the lake.
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3.1.4 Water quality
Lake Burullus was declared a nature reserve under Law 102/1983 in May 1998. The
lake and its surroundings are subjected to excessive use: land reclamation, sh farming,
over-shing, over-hunting, overwhelming ow for drainage water, etc. Despite being the
least polluted of the northern delta lakes, increasing quantities of agricultural drainage
water carrying heavy fertilizer and pesticide loads contribute signicantly to the eu-
trophication and pollution of the lake (33, 34).
Okbah and Hussein (33) studied the physical and chemical properties of the lake.
They declared that the decreased amount of pure fresh water and sea water invasion
to the lake through El-Boughaz opening aected directly and/or indirectly the water
quality of the lake, causing eutrophication state, such as increasing amount of dissolved
inorganic nitrogen, phosphate and silicate concentrations. These causes higher phyto-
plankton count, diversity index and chlorophyll-a content. Such situation provides a
warning alarm against the increased pollution in the lake. They are recommended to
control discharge of drainage and sewage water into the lake or at least minimize the
usage of fertilizers in agricultural lands and treatment of drainage water is essential to
hurry its recovery and improving water quality.
Other investigators examined the lake ecological and biological status to determine
its water quality and eutrophication status (35, 36, 37). They concluded that the lake
suers from excessive nutrient concentrations. The evaluation of the Lake trophy state
shows that the lake water body varies between oligotrophic to mesotrophic. These
levels sustain the lake in good to fair trophic conditions. Chlorophyll a showed wide
variations over the sampling period with maximum levels in the western area in response
to the nutrient-rich water inputs from the surrounding farmlands. Nutrients were at
maximum levels in the southern and western parts of the lake, which were aected by
wastewater discharged into the lake through the drains system. The eastern zone is the
least trophic area because it is subjected to water exchange between the lake and the sea
through the inlet at the northern part. They also recommended the lake environmental
restoration through drastic reduction of the external Nitrogen and phosphorus loads
by regulating euents from sh farms, domestic and industrial sources.
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3.2 Salinity Distribution in El-Burullus Lake
Salinity distribution inside the lake has been simulated during 2001 taking into account;
bathymetry, hourly tidal current, hourly wind action, average monthly precipitation,
average monthly evaporation and average monthly drain discharges.
3.2.1 Data overview
Water salinity distribution measurements from Al-Sayes (9) for 15 measuring stations
during 2000-2003, Figure 3.7, plus those taken from the Coastal Research Institute, Na-
tional Water Research Center, were used to verify the numerical predictions. Measured
salinity values show that the salinity gradient in the vertical direction is not dominant
which means that stratication is weak and accordingly assuming vertical homogeneous
salinity could be valid. The used data consists of bathymetry, meteorological, euent
ux, and salinity concentrations as follows.
3.2.1.1 Lake geomorphology and bathymetry
The shoreline of Lake Burullus takes several forms related basically to its formation,
origin and evolution. It has an oblong shape extends for a distance of 47 km along
NE-SW axis. The width of the lake from north to south varies from site to the other.
The western sector has the least width which does not exceed 5 km, and then it in-
creases in the middle sector to reach an average of 11 km. As the area of the lake
changed over time, it is obvious that the lake size had decreased from 502.7 km2 in
1984 to 410 km2 in 1997 (i.e. 18.4% reduction), the maximum length from 56 to 47
km (16.1% reduction) and the maximum width from 15 to 14 km (6.7% reduction) as
shown in Figure 3.6. The rate of these changes was assessed using the GIS and re-
mote sensing techniques (38). The main basin of Lake Burullus is classied into three
sectors: eastern, middle and western, each one has some sort of homogeneity in the ge-
omorphological, hydrological and biological characteristics. The islets scattered in the
lake form physical isolations between these sectors. Figure 3.7 shows the bathymetric
map of Burullus Lake abstracted from El-Bayomi (39) and data supplied by Coastal
Research Institute. Lake depth varies between 40 cm near the shores and 200 cm near
the sea outlet (El-Boughaz opening). The remote sensing studies indicated that the
deepest parts were in the middle sector of the lake where the depth reached 200 cm.
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The area between the shore line and 75 cm depth approximates 58% of the total area
of the lake (236.6 km2 out of 410 km2). Thus it seems that the lake lives its senility
stage particularly with the continuation of drying and silting up processes which lead
to the increase of shallow areas; the areas deeper than 130 cm have already decreased
to about 20.6 km2 (5% of the lake size). The outlet that connects the Mediterranean
Sea with Lake Burullus is called Boughaz El-Burullus. From the original viewpoint,
it is a natural water course. Its width at the narrowest point is about 80 m, and the
water depth varies between 50 cm and more than 250 cm.
Figure 3.6: Size changes of Lake Burullus (1789 to 1997)
3.2.1.2 Drainage water
Burullus wetland is one of the disposal areas for agricultural drainage water in Egypt.
It receives most of drainage water of the Nile Delta region through the drainage system.
Figure 3.8 and Figure 3.9 show the monthly average drainage rate over the catchment
area and its salinity concentration, respectively. The drainage system provides the lake
with about four billion m3/year of agricultural drainage water. The maximum rate of
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Figure 3.7: Bathymetric map of Burullus lagoon showing the eld measuring stations
during 2000-2003.
water discharged to the lake is during rice cultivation season (July - September), while
the minimum rate is in January and February (winter closure). Drain 9 discharges the
maximum amount (about 20 % of the total volume), while Burullus drain discharges
the minimum (about 1.7 % of the total volume). Drainage water is not totally fresh
but has some amount of salinity; approximately 4 ppt.
3.2.1.3 Rainfall
The mean annual rainfall over the area is 187.4 mm. This depth of water provides the
lake with a mean annual volume of about 77.4 million m3. Most rainfall takes place
during the winter season (October - March), with no rainfall during summer months.
The maximum depth of rainfall is received in December and January, as shown in
Figure 3.10. The direct precipitation is not signicant as inow from drains.
3.2.1.4 Evaporation
The mean annual evaporation is 1583.3 mm. This value approximates about 646.5
million m3 of water loss from Lake Burullus. Maximum evaporation takes place during
May - September, while the minimum during December - February, Figure 3.10.
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Figure 3.8: Average monthly drainage water inow to Burullus Lake from various drains.
Figure 3.9: Average monthly salinity concentration values in drainage water inow to
Burullus Lake through various drains.
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Figure 3.10: Average monthly precipitation and evaporation at Burullus Lake area.
3.2.1.5 Sea water level
Fanos (40) and El-Shinawy (41) estimated the tide at Burullus headland as the dif-
ference between the mean high water level of 33 cm and the mean low water level of
18 cm. Although, they concluded that the tide range is small and hence the tidal ef-
fect could be negligible, sea water level is an important boundary for the lake which,
directly aects the salinity and the water amount getting in or out of the lake. As a
result, direct sea water level measurements shown in Figure 3.11 were used as boundary
condition which is considered the main source of salinity for the lake.
Figure 3.11: Sea water level at Burullus outlet during 2001.
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3.2.1.6 Wind
Wind is one of the driving forces for shallow water especially in coastal areas. The
hourly measured wind speed and direction is used in this simulation. Figure 3.12
presents wind rose for the lake area during 2001 which demonstrate that the north-
west is the most prevailing wind direction and the mean annual wind speed is 3.4
m/sec.
Figure 3.12: Wind rose plot for Burullus Lake area.
3.2.2 Model setup and results
The computational method was parallelized in a distributed-memory system with a
domain decomposition method. The domain decomposition of the generated unstruc-
tured cells was subdivided into 32 sub-domains to shorten the simulation time while ne
unstructured mesh with total 36677 elements was generated to represent the lake basin,
Figure 3.13. The computations were performed with XE6 open super computer, Kyoto
University. The total computational time required to run simulations is approximately
155 minutes using time step of 6.0 seconds. For simplicity, we set the lake initial salinity
on the measured data of autumn 2000 to describe the horizontal salinity gradient in
the lake. The hydrodynamic model is driven by the potential ows emanating from the
major drains feeding the lake, the surface wind shear across the lake, and the monthly
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evaporation and precipitation rates. The direct measurements for sea water level were
used for the sea open boundary.
Predicted results and measured data show that El-Burullus Lake water is consid-
ered as fresh water in the most western parts and tends to be brackish in other areas,
while the saline water is limited in a narrow area at El-Boughaz area due the direct
connection with Mediterranean Sea. The predicted model lake salinity distribution
was validated against the measured data during 2001. As shown in Figure 3.14, good
agreement was obtained between measured and calculated spatial salinity distribution
for dierent seasons. Salinity concentration discrepancies may be caused by the used
monthly averaged data especially the drains uxes or stratication due to density varia-
tion. Water level in the lake has a great inuence on the salinity distribution. However,
low water level permits sea water to enter the lake. On the other hand, high water level
in the lake during most of the year months leads to ow towards Mediterranean Sea.
Figure 3.13: Computational domain of unstructured grid divided into sub-domains and
close up for the mesh around island.
3.3 Management Scenarios
Scenarios are very useful for environmental management since they illustrate possible
situations that might develop in the future based on knowledge of the possible conse-
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quences of human activity. Though, monitoring measurements are needed to mitigate
the adverse eects or to extend positive results. Five scenarios were studied to un-
derstand salinity dynamics, circulation and ow driving forces, with the assumption
that no change in meteorological conditions. These scenarios are based on changing
the interaction between drainage water and sea water in order to get the best salinity
dynamics for proper environmental ecosystem of the lake aquatic fauna and ora.
3.3.1 Benchmark (Pre-Aswan High Dam Construction)
This is the rst scenario to be simulated and it represents the original situation, which
assumes the ood routing before constructing Aswan High Dam. This control run
shows the target pattern of salinity spatial and temporal distribution. This scenario is
important as a point of reference against the suggested scenarios with changed condi-
tions. This scenario simulates the Nile River ooding to the lake. Water ow of almost
100 million m3 is ooded into the lake throughout the year. During ood season, water
ow is increased to about 700 million m3 in September, Figure 3.15, with a total annual
ow of 2.5 billion m3.
3.3.2 Current status
The second scenario presents the usual case of the irrigation system during 2001. This
scenario was used for model verication. The major drains feed the lake with a monthly
ux that ranges from 250 million m3 to 400 million m3 with total annual amount of
4.0 billion m3, Figure 3.15. This scenario gives a clear picture to the current status
salinity pattern. Also, this scenario compared with the benchmark scenario represents
how signicantly are salinity dynamics in Burullus Lake aected nowadays.
3.3.3 Drainage water ows elimination (No-ux)
The third scenario reects the importance of the drainage ux into the lagoon. Thus, all
discharges into the lake are stopped and only wind, tidal and meteorological parameters
are considered.
3.3.4 Add new inlet
This scenario is a suggestion to construct a new breach-way to increase the direct sea
water exchange between Mediterranean Sea and Burullus Lake. The proposed new
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inlet has the same dimensions as the old one and exists in the middle part of the lake.
Using this scenario, salinity inside the lake is expected to increase without changing
drainage water amounts into the lake.
3.3.5 Change euent routing
This scenario represents a proposed routing ow to Burullus Lake in order to re-
originate the lake conditions without articial constructions. Change euent routing
depends on the winter closure season, which is closing delivery canals for a month or
two months during winter season to permit maintenance and construction of irrigation
structures. Through this scenario, two alternatives were studied; (a) stopping drainage
water into lake during January, and (b) stopping drainage water during January to
March (New routing). Trapped water is then released uniformly during July to Decem-
ber to produce articial ood routing, as shown in Figure 3.15.
Figure 3.15: Total ow routing to the lake.
3.4 Results and Discussions
The predicted results for various scenarios are shown in Figure 3.16, Figure 3.17 and
Table 3.2. Figure 3.16 plots the salinity values over time for eastern, middle, and
western areas. Eastern, middle, and western areas are represented with station 1,
station 8 and station 11, respectively. Figure 3.17 shows the lagoon water level for
dierent scenarios abstracted form station 8 compared with sea water level. Table 3.2
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gives a summary of average salinity values for dierent scenarios for eastern, middle,
and western areas.
Table 3.2: Summary of average salinity values for dierent case studies.
Scenario Benchmark Current status No-ux New-inlet New-routing
Eastern
20.96 5.88 36.01 9.39 13.46
Area
Middle
7.91 2.44 38.14 5.05 8.31
Area
Western
3.29 1.50 38.90 1.96 4.17
Area
The benchmark scenario reveals an obvious time pattern for salinity dynamics inside
the lake. It shows that salinity values go up during May to July resulting in a sea water
environment in the lake. Salinity values then decreases signicantly when fresh water
oods to the lake during September to December accompanied with a rise in lake water
level. This scenario expresses the original status which allows marine sh to enter the
lake with sea water invasion and return back to the sea during the ood season. For
the lake current status scenario, it is clear that lake water level is almost higher than
sea water level except for a few days during the year. As a result sea water cannot
encroach inside the lake and low salinity brackish water environment becomes the most
dominant in the lake over time. This environment is unfavorable for marine sh while
suitable for aquatic ora (i.e. common reeds) which obstacle navigation inside the lake.
Another descriptive scenario with no drainage water ow to the lake is introduced to
show the importance of fresh water ux into the lake. Without this ux, the lake will
be hyper saline, Figure 3.16. The salinity signicantly increases since the lake water
level is always lower than sea water level. This scenario emphasizes the importance of
euent ow to the lake for salinity control and also for water ow circulation.
Other scenarios were considered to enhance the lake environmental conditions either
by constructing a new breach-way or changing the drainage water ow routing to the
lake. Adding a new breach-way to increase water exchange between sea and lake is
considered. Improvement in salinity values are obtained but not similar to those of
the benchmark scenario, Table 3.2. The lake remains a brackish water environment
and accordingly a better solution is needed. In case of the rst alternative for the
last scenario, drainage water ow is stopped during January. Simulation results reveal
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Figure 3.16: Water salinity concentration in the lake results from dierent scenarios for
various areas; (a) eastern area, (b) middle area, and (c) western area.
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Figure 3.17: Burullus Lake water level during applying dierent scenarios.
that this period is not enough to increase salinity as expected in all areas, which leads
to the second alternative where this period is extended from January to March. The
main purpose is to allow sea water to invade the lake. It is found that the sea water
environment prevails the lake during March and starts to return back to the sea after
starting drainage water ushing through the articial ood prepared by the new routing,
Figure 3.15. The salinity propagation due to the new routing is similar to that produced
by the benchmark scenario at dierent areas.
Figure 3.18 compares the water circulation inside the lake during March for dierent
scenarios. Streamtraces point sources at the lake breach-way are used to visualize
water streamlines. This gure clearly shows that the lake nowadays is considered as a
collecting zone for drainage water and then gets out of to the sea. On the other hand,
it also presents water ows to the lake in case of pre-Aswan High Dam scenario with
monthly ux from Brinbal canal of about 100 million m3 allowing sea water to invade
the lake. Using the new routing, the reduced winter ow results in less resistance to
sea water intrusion and can signicantly increase salinity in the lake. Moreover, the
new articial ood routing can expel saltwater out of the lake by October. The salinity
propagation due to the new routing is relatively good since salinity values can be
increased inside the lake, see Figure 3.16 and Table 3.2. Using the new routing, salinity
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Figure 3.18: Depth-averaged velocity eld and water circulation inside the lake in March;
(a) pre-Aswan High Dam, (b) current status, and (c) after using the new-routing.
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dynamics may be restored to be the same those in pre-constructing Aswan High Dam
case. As a result, marine sh can enter the lake most of the year and socio-economic
status of shermen will be improved. In addition, sea water which is almost free of
pollution and gives relative movement to the lake water will improve the aeration in
the lake. Also, common reeds distribution at the southern and eastern area will be
demolished providing much navigation space in the lake.
As with any environmental system, it is important to evaluate progress by objec-
tively measuring key indicators. A well-designed monitoring system is urgently needed
to provide important information about changes to the environmental system including
lake, surrounding soil and groundwater conditions, e.g. water table depth and salinity
that will aect surrounding vegetation areas. This will help decision makers and re-
sponders to develop actions, dene local trends and risks, ne tune the actual plans or
place other management options.
3.5 Summary
A 2D-depth averaged transport model based on MACS algorithm for shallow water
equations coupled with mass transport equation has been applied to Burullus shallow
coastal lake, Egypt. Salinity distribution inside the lake has been reasonably simu-
lated considering the eect of bathymetry, tidal, wind, precipitation, evaporation and
drainage discharges. It is veried that the model has a potential for simulation of long-
term coastal process using parallel computation. The present study provides a basis
from which decision makers and responders can develop actions and allocate resources
to improve environmental conditions in Burullus Lake. Salinity dynamics have been
simulated for various possible scenarios: before constructing Aswan high dam, current
status, drainage discharge elimination, case of adding new breach-way, and changing
drainage water routing, in order to adequately manage temporal salinity in Burullus
lagoon. These scenarios revealed the importance of fresh drainage water discharges into
the lake and the possibility to eliminate the euent discharge during January to March
which allow sea water to invade the lake and permit salinity exchange. The stored water
can be used as an articial ood similar to pre-Aswan High Dam construction ood,
which unexpectedly increases the lake water level to become brackish water again. This
circulation may lead to re-originate the lake and to improve its ecosystem.
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4Climate Change Impact On
El-Burullus Lake Salinization
Process
Scientic community has commonly argued on the global climate change. Rising global
temperatures have been accompanied by changes in weather and climate. Many places
have seen changes in rainfall, resulting in more oods, droughts, or intense rain, as well
as more frequent and severe heat waves. Between the years 1961 and 1993, the global
sea level rise increased with an average rate of 1.8 mm/year. Between the years 1993
and 2003, a higher rate was observed, averaging approximately 3.1 mm/year according
to the United Nations Intergovernmental Panel on Climate Change (IPCC 2007). Sea
level will rise between 18 and 59 cm by the end of the 21st century (42). This chapter
presents a numerical study to investigate the impact of climate change on salinization
process in El-Burullus lake. The purpose of the current study is to restore the salinity
conditions of Burullus Lake to those before the construction of Aswan High Dam under
climate change conditions. The model is used to predict the salinization and circulation
processes occurring under the eect of two global emissions scenarios (SRES A2 and
SRES B1) archived from the 2007 IPCC Fourth Assessment Report (AR4) which are
abstracted from four dierent atmosphere-ocean coupled general circulation models
(AOGCMs). In addition, two other reference cases were introduced to judge climate-
induced salinization eect.
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4.1 Overview to Climate Change
Egyptian researchers has commonly argued on the climate change impact on the coastal
area, north Egypt, sea level rise in specic. Results from studies on various aspects of
the impacts and possible responses to sea-level rise on the Egyptian coast (Milliman et
al.(43), 1989; Stanley and Warne(44), 1993; El-Raey et al.(45), 1999; Frihy et al.(46),
2010; Frihy and El-Sayed(47), 2012) indicate that a sizable proportion of the northern
part of the Nile delta will be lost due to a combination of inundation and erosion, with
consequent loss of agricultural land and urban areas. Furthermore, agricultural land
losses will occur as a result of soil salinization(48). Over the coming decades, the Nile
Delta will face greater threat due to sea level rise and land subsidence as well. Regarding
climate change and its impacts on soil characteristics, rapid increase in salinity values
during the former three decades was found. This increase may be due to the intrusion
of salty water of the Mediterranean Sea(49). Coastal wetland ecosystems of Egypt,
such as salt marshes are particularly vulnerable to rising sea level because they are
generally within a few centimeters above the sea level(42). El-Burullus lake's salinity is
aected by various factors; temperature, precipitation, sea level rise, wind, and human
intervention. These factors are subjected to be changed under climate change impact.
In this study, we assume a constant wind and drainage ux from agricultural areas,
and consider the predicted change in the other factors.
4.2 Climate Change Test Scenarios
Scenarios are very useful for environmental management since they illustrate possible
situations that might develop in the future. To assess the eect of climate change,
we used the World Climate Research Program's (WCRP's) Coupled Model Inter-
comparison project phase 3 (CMIP3) multi-data set archives where the AOGCMs out-
puts were obtained in the frame work of the IPCC AR4. The database of temperature
and precipitation monthly values has been downloaded for each of the models listed
in Table 4.1 for two scenarios (SRES A2, SRES B1) which are described in the IPCC
AR4. A simple Fortran code was formulated to transform the database to the reference
year 2100 based on the period 1971 to 2000. The same code was used to calculate the
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Table 4.1: AOGCMs models used in this work
Model Institution
CNRM-CM3 France, National center of meteorological Research
UKMO-HadCM3 UK, Hadly center for climate prediction and research
GFDL-CM2.0
U.S. Department of commerce, NOAA Geographysical
uid Dynamics Laboratory
MRI-CGCM2.3.2 Japan, Meteorological Research Institute
actual evaporation rate from temperature values using Thornthwaite method(50) as:
Ep = 0:553Do(10Ti=J)a (4.1)






where Ea is the actual evaporation rate; Ep is the potential evaporation rate; Ti is the
monthly averaged temperature; J is the heat index; Do is the potential day length;
andM is the bias correction coecient between the measured values and the estimated
values form AOGCM data. Figure 4.1 and Figure 4.2 plot the monthly averaged pre-
dicted values under SRES A2 and SRES B1 emission scenarios for precipitation and
evaporation rates, respectively. Mean values for these values are shown in Figure 4.3.
Also, Table 4.2 gives a summary of the average change of the predicted values for pre-
cipitation and evaporation by the reference year 2100. This table clearly indicates that
generally the evaporation rate will increase and on the contrary the precipitation rate
is expected to decrease which may lead to increase El-Burullus lake salinity values.
As for the sea water level rise, it is chosen according to the IPCC AR4, as shown in
Table 4.2. Sea levels will rise by 38 and 51 cm by the end of the 21st century Sea
for SRES B1 and SRES A2 emission scenarios. Also, we assume that wind speed and
direction, and drain uxes and its salinity concentrations will remain constant under
the dierent climate change scenarios. Another two reference scenarios are used to
evaluate the impact of climate change; 1- current state scenario based on the climate
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Figure 4.1: AOGCMs models monthly predicted values for Precipitation; (a) SRES A2
scenario and (b) SRES B1 scenario.
Figure 4.2: AOGCMs models monthly predicted values for Evaporation; (a) SRES A2
scenario and (b) SRES B1 scenario.
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data for 2001 which represents the current lake condition, and 2- Benchmark scenario
that represents the original condition of the lake before constructing Aswan high Dam.
Total discharge routing from all drains for the reference scenarios is presented in Figure
4.6.
Figure 4.3: Averaged AOGCMs models monthly predicted and present values; (a) Pre-
cipitation and (b) Evaporation.
Table 4.2: Summary of climate change scenarios by 2100.
Scenario Precipitation Evaporation Sea level rise (cm) Wind
SRES B1 -2.16% +7.42% +38.00 Fixed
SRES A2 -18.84% +4.17% +51.00 Fixed
4.3 Response to Climate Change
To understand the impact of climate change on salinization process occurring in El-
Burullus Lake, the calibrated model was used to determine its contribution. The results
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Table 4.3: Summary of average salinity changes for dierent case studies.
Scenario Benchmark current A2 B1
Eastern Area 20.96 5.88 10.85 9.66
Middle Area 7.91 2.44 6.41 5.08
Western Area 3.29 1.50 2.04 2.16
of the climate change simulations are compared to the current state and the benchmark
scenarios. Figure 4.4 plots the simulated salinity concentrations at eastern, middle,
and western parts of the lake for dierent scenarios. Sensitivity analysis is used to
study the eect of each parameter on salinity values. Figure 4.5 provides a visual
presentation of relative sensitivity among precipitation, evaporation and sea level rise
for the SRES A2 scenario as a test case. This gure shows that sea level rise is the major
parameter aecting salinity values since sea level will increase by approximately 50%
of lake's average water depth due to climate change. On the other hand, a coincidence
between current state scenario, evaporation and precipitation case studies can be seen.
Evaporation and precipitation has a relatively small eect while the total amount of net
evaporation (evaporation minus precipitation) will change from 16% to 17.2% of total
ux from drains. This change is relatively small to aect salinity values under climate
change impact. Table 4.3 presents a summary of the salinity changes at dierent parts
of the lake compared to those of current and benchmark scenarios. Although results
clearly show that salinity values will be almost doubled under the eect of climate
change, these values are considered relatively small with regard to benchmark case.
4.4 Results and Discussion
Saltwater intrusion into the lake due to climate change scenarios was expected to in-
crease. Accordingly, the lake conditions would be restored to those before the construc-
tion of Aswan High Dam. The lake is a complicated system and salinization process
depends on dierent factors. Sea level and drainage ux from dierent drains are the
dominant factors aecting salinity values in the lake. Although sea level will increase
by about 50% of the lake's water depth, excessive drainage discharges can resist sea
water invasion to the lake. Based on modeling results, it is better to reduce the through
ow to the lake during winter closure (from January to March) with a ratio of dQ and
to release it again in Summer and Autumn, as shown in Figure 4.6. The term dQ
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Figure 4.4: Water salinity concentration in the lake results from dierent scenarios for
various areas; (a) eastern area, (b) middle area, and (c) western area.
57
4. CLIMATE CHANGE IMPACT ON EL-BURULLUS LAKE
SALINIZATION PROCESS
Figure 4.5: The contribution of evaporation, precipitation and sea level rise in changing
salinity values under A2 Scenario (eastern area) considering current scenario as a baseline.
is representing the reduced winter drainage ux ratio needed to generate an articial
ood routing similar to the benchmark case routing, (smooth line, Figure 4.6). This
dynamic operation is based on changing the interaction between drainage water and
sea water to get the best salinity dynamics and to get a better environment for aquatic
fauna and ora. Figure 4.7 gives a comparison between water circulation in March
between climatic change scenario SRES A2 with dQ = 0.0 (using current state routing)
and dQ = 1.0 (using new articial ood routing). Streamtraces point sources at the
lake breach-way are used to visualize water streamlines. For dQ = 0.0, we can observe
that water plumes from dierent drains then gets out of the lake whereas saltwater can
remarkably prevail the lake if dQ = 1.0 is used. The reduced winter ow results in
less resistance to sea water intrusion and can signicantly increase salinity in the lake.
Moreover, the new articial ood routing can expel saltwater out the lake by October.
The salinity propagation due to the new routing (dQ = 1.0) is relatively good since
salinity values can be increased inside the lake, see Figure 4.4 and Table 4.4.
In addition, the salinity propagation in the lake can be adjusted by changing dQ.
Salinity-induced area for salinity values over 10 ppt and 20 ppt as shown in Figure
4.8 are measured. Figure 4.9 plots the percentage salinity-induced area of the lake
for dierent scenarios versus dQ. The Maximum Salinity-induced area for benchmark
scenario is 72% and 55% for salinity values over 10 and 20 ppt, respectively. In order to
re-originate the lake salinization process, it is recommended to use a dQ value of 0.75
under climate change impact. As a result, the lake salinity values and its ecosystem
could be restored to those before constructing Aswan High Dam. In addition, sea water
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Table 4.4: Summary of average salinity changes for dierent case studies after using the
new routing.
Scenario Benchmark current A2 B1 A2, dQ=1 B1, dQ=1
Eastern Area 20.96 5.88 10.85 9.66 16.41 15.83
Middle Area 7.91 2.44 6.41 5.08 15.04 13.58
Western Area 3.29 1.50 2.04 2.16 7.55 6.00
is almost free of pollution and the produced relative movement of the lake water will
improve the aeration in the lake. Moreover, reeds distribution at the southern and
eastern area will be demolished providing much navigation space in the lake. socio-
economic status of shermen will be improved. Based on knowledge of the possible
consequences of human activity, monitoring measurements are needed to mitigate the
adverse eects or to extend positive results.
Figure 4.6: Dynamic ow routing to the lake.
4.5 Summary
The present study provides a basis from which decision makers and responders can de-
velop actions and allocate resources to improve and adapt the impacts of climate change
and sea level rise. Salinity dynamics have been simulated for various possible scenarios
in order to adequately manage temporal salinity in El-Burullus lagoon. Based on SRES
A2 and SRES B1 emission scenarios and from four AOGCMs models projections, by
the end of 21st century, a reduction of precipitation ranged from 2.16% to 18.84% is
expected, a rise of evaporation rate ranged from 4.17% to 7.42%, and a rise of sea level
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Figure 4.7: Velocity eld and water circulation in March inside the lake for scenario
SRES A2; (a) case of dQ=0.0 and (b) dQ=1.0.
Figure 4.8: Sketch representing the lake salinity induced area for ppt = 10 and ppt = 20.
60
4.5 Summary
Figure 4.9: Eect of winter discharge reduction ratio (dQ) on percentage of the maximum
salinity-induced area of the lake total area for dierent scenarios. (Solid lines: for salinity-
induced area over 10 ppt) and (dashed lines: for salinity-induced area over 20 ppt)
rise of 38.0 cm to 51.0 cm. Climate change will lead to double the salinity values inside
El-Burullus lake under the current conditions of drainage ux. Though results show
that salinity values will increase to double the current values, they are still much lower
than those before constructing Aswan High Dam. These scenarios revealed the im-
portance of fresh drainage water discharges into the lake and the possibility to change
the discharge routing. In addition, in order to re-originate the lake salinization process
under climate change impact, it is recommended to reduce winter season drainage ux
by 75% and release it again uniformly during summer and autumn seasons. This may
improve salinity values and circulation in the lake, which may re-originate the lake's




Scour is a natural phenomenon caused by the erosive action of owing stream on allu-
vial beds, which is considered as one of the practical moving boundary problems. In
this chapter, a depth averaged sediment transport model is developed. Combination
between MACS algorithm to track the hydrodynamics of the developed model and the
sediment transport model is implemented. This research builds upon recent advances
for numerical solutions to couple numerical processes of hydrodynamic, sediment, and
bed deformation interaction using the Finite Volume Method (FVM) in discretization.
Two approaches of sediment transport modeling are introduced: the equilibrium and
the non-equilibrium approaches taking into account current and wave actions in coastal
areas. The developed model is validated against dierent scour problems and its va-
lidity is examined. Also, a comparison between the results of the two approaches is
discussed.
5.1 Sediment Transport Modeling Overview
The total sediment load is usually separated as bed-load and suspended-load regarding
sediment transport mode, or divided into bed-material load and wash load according
to sediment source (wash load usually is ignored in the simulation of bed morpholog-
ical changes). Although there is no sharp division between the suspended-load and
the bed-load physically, a bed load layer is assumed to be existent for the mathemat-
ical representation. As shown in Figure 5.1, the ow domain is subdivided into two
layers vertically. Bed load is conned to move in a thin layer  in the proximity of
the riverbed, above which is the region occupied by suspended-load. The exchange of
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sediment between the two layers is through the upward Eb and downward Db uxes at
the interface. The sediment transport total load can be numerically estimated by two
approaches, either jointly as bed-material load (Equilibrium sediment transport model)
or separately as bed-load and suspended-load considering the eect of sediment entrain-
ment and deposition from the bed layer (Non-equilibrium sediment transport model).
As for sediment transport numerical simulation, there are many two-dimensional (2D)
and three dimensional (3D) sediment transport numerical models have been developed
to simulate the scour process (e.g. Shimizu et al.(51), 1990, Olsen and Melaaen(52),
1993; Ushijima(53), 1996; Duc et al.(54), 2004; Nagata et al.(55), 2005; Liu et al.(56),
2008; Li and Duy(57), 2011).
Usually these models use the equilibrium approach or the non-equilibrium approach
for suspended-load only. In some cases, the assumption of local equilibrium may lead
to unrealistic results that mask the morphodynamic bed change and limit long-term
simulations(58). Scouring due to unsteady ow regime or around hydraulic structures
are examples of these cases. The non-equilibrium approach for sediment transport was
used in river and coastal sedimentation (e.g., Philips and Sutherland(59), 1989; Wu(60),
2004; Sanchez and Wu(58), 2011). This approach is realistic and could simulate the
actual phenomena of sediment transport using bed-load and suspended-load sediment
transport equations. In the current study, a depth averaged sediment transport model
is developed to simulate the bed deformation either by equilibrium or non-equilibrium
approaches for the suspended-load as well as the bed-load.
5.2 Bed Deformation
The morphological part of the model uses the previously computed hydrodynamics in
chapter 2, since water depth and components of depth-averaged velocity are known.
Sediment transport iterations results in evaluation of the bed surface evolution and
sediment volumes exchanged between computational cells. The overall sediment trans-













qt  n dl = 0 (5.1)
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Figure 5.1: Schematic sketch for sediment transport process.
where zb is the bed level; p is the porosity of the movable bed material; and qt is the
total sediment load transport rate vector in x- and y- directions. The sand bed prole
is deformed due to the tractive force generated by turbulent ows and is evaluated by
applying the surface integral development and divergence theorem on Eq.(5.1) with
triangular cells:













qtik = f(qtiE ; qtio) (5.4)
where ui is the velocity component in xi direction; juj is the depth averaged velocity
resultant; qt is the total-load at the cell center which is calculated according to the
sediment approach; qti is the total sediment load vector at the cell center in x- and
y-directions; and qtik is the total sediment load vector at the cell boundary k which is
estimated by taking the arithmetic average of the cell center as shown in Figure 5.2.
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Figure 5.2: Schematic sketch for the unstructured mesh and the sediment transport
model parameters.
5.3 Equilibrium Sediment Transport Model
5.3.1 Estimation of total bed-material load
In this model, the sediment total-load is calculated using empirical formulae. There
are various empirical bed load transport equations in the literature (Meyer-Peter and
Muller formula (61), 1948; Van-Rijn formula (62), 1984). In this model, Ashida-Michiue


























5.3 Equilibrium Sediment Transport Model
u =
p
 juj h (5.9)
where g is the gravity acceleration; d50 is the mean diameter of sediment; s is the
sediment density; w is the water density; c is the non-dimensional critical shear
stress; uc is the critical friction velocity for sand movement which can be evaluated
from the formulation proposed by Iwagaki (64); and u is the friction velocity which is
based on manning roughness formula and can be calculated by Eq.(5.9) and Eq.(2.4).
5.3.2 Equilibrium model application
This model was applied to the experimental results obtained by Michiue et al. (65) to
predict local scouring downstream solid apron. The ume was 15.0 m long and 0.40 m
wide with longitudinal slope of 1/200. It consisted of 10 m xed bed followed by 5.0
m alluvial bed with 0.16 m in depth and mean diameter of d50 = 0.64mm. The water
depth at the downstream end was 0.031 m and the upstream ux was 0.014 m2/sec.
Figure 5.3 shows the calculated scour hole downstream the solid apron. During
model setup, the solid apron length was taken 0.40 m instead of 5.0 m to decrease the
computational eort. Figure 5.4 compares the measured and calculated bed changes at
time = 10 and 70 min along the channel centerline starting from the solid bed. Good
agreement between calculated and measured results was obtained. In particular, at
time = 70 min, two successive scour holes are produced and successfully simulated by
the present model. The model is able to simulate proles at dierent time periods.
Figure 5.3: Calculated bed change downstream solid apron at time = 70 minutes.
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Figure 5.4: Predicted and measured bed changes along the channel centerline at 10 and
70 minutes.
5.4 Non-equilibrium Sediment Transport Model
The sediment which is usually transported by rolling, sliding and saltating along the
bed is called bed-load, while the sediment suspended in the water column is termed
suspended-load. In the non-equilibrium model, the total sediment transport is divided
into bed-load and suspended-load considering the eect of sediment entrainment and
deposition from the bed layer as follows:
qt = qb + qs (5.10)
with
qb = jujcb and qs = hjujcs (5.11)
qt is the total-load sediment transport rate; qb is the bed-load sediment transport; qs
is the suspended-load while wash-load is usually neglected; cb and cs are bed-load and
suspended-load concentrations which can be calculated by the advection and advection-
diusion equations, respectively.
5.4.1 Suspended-load transport























5.4 Non-equilibrium Sediment Transport Model
with
Eb  Db = ws(c   cs) (5.13)
where cs is the depth-averaged concentration of suspended load; c is the turbulent
Schmidt number for mass diusion, which represents the ratio of eddy viscosity to eddy
diusivity;  is a correction factor representing the ratio between depth averaged trans-
ported mass and ow velocities; Eb and Db are the entrainment rate and the deposition
rate, respectively; Eb  Db is the source term which presents the net sediment ux at
the bed boundary of the suspended-load layer; c is the depth-averaged suspended-load
concentration under equilibrium conditions or the suspended-load transport capacity;
 is an empirical coecient for suspended load in the range of 0.25-1.0 (60, 66); and
ws is the sediment fall velocity.
5.4.2 Bed-load transport






















 = 0 (5.14)
where  is bed-load zone thickness and cb is the average bed-load sediment concentra-
tion.
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(qb   qb) d
 = 0 (5.18)
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where qb is the bed-load concentration capacity and L is an empirical coecient rep-
resenting the non-equilibrium adaptation length of bed load and usually is set as the
length of bed forms.
In this model  and L are used as tuning parameters for suspended and bed load,
respectively. In order to calculate the bed change using the above model, c and qb
have to be provided through empirical formulae. These formulae are presented for two
cases; case of current only and case of combined current and waves.
5.4.3 Empirical input in case of current


























in which ucr is the critical bed shear velocity for initiation of motion according to
Shields; u
0













where juj is the depth averaged velocity; d90 is the particle diameter of bed material;
and Rb is the hydraulic radius.
The reference level a is chosen as the maximum of (half the bed form heigh  or the
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5.4 Non-equilibrium Sediment Transport Model
5.4.4 Empirical input in case of current and waves







qb = 0:015suh(d50=h)1:2M1:5e (5.28)












ue = u+ uw (5.31)





in which cr is the bed shear stress parameter according to shields and 
0
cwa the eective
bed shear stress parameter for reference concentration at z = a; u is the depth averaged
velocity; uw is the peak wave velocity;  = 0.40 for irregular waves and 0.80 for regular
waves; ucr;c is the critical velocity for currents based on shields; and ucr; w is the critical
velocity for waves based on Komar and Millar (69) as:
for 0:00005 < d50 < 0:0005 m
ucr;c = 0:19d0:150 log(12h=3d90)
for 0:0005 < d50 < 0:002 m
ucr;c = 8:50d0:650 log(12h=3d90)
for 0:00005 < d50 < 0:0005 m
ucr;w = 0:24[(s  1)g]0:66d0:3350 T 0:33p
for 0:0005 < d50 < 0:002 m
ucr;w = 0:95[(s  1)g]0:57d0:4350 T 0:14p
(5.34)
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5.4.4.1 Wave parameters
Using linear wave theory the following parameters can be calculated:




















where Hs is the wave height, h is the water depth, lw is the wave length, Tp is the wave
period, and ksw is the eective bed roughness.
5.4.4.2 Friction factors





2- Current grain-related friction coecient based on ksc:
fc = 0:24[log(12h=ksc)] 2 (5.40)
3- Wave grain-related friction coecient based on 1d90:
f
0
w = exp[ 6 + 5:2(Aw=d90) 0:19] (5.41)
4- Wave grain-related friction coecient based on ksw:
fw = exp[ 6 + 5:2(Aw=ksw) 0:19] < 0:30 (5.42)





5.5 Sediment Transport Numerical Procedures




wa = 0:60=D (5.45)
here ksc and ksw are the current-related and wave-related bed roughnesses to be equal
and set as the bed form height.
5.4.4.3 Eective time-averaged bed-shear stress















3- The eective bed shear stress parameter for the reference concentration:

0
cwa = cc + waw (5.48)
5.5 Sediment Transport Numerical Procedures
Water ow and sediment transport can be calculated using dierent time scales as
shown in Figure 5.5 similar to Ushijima's method (53) according to the studied case as
follows:
 The hydrodynamic block solves the initial hydraulics according to the existing
domain and boundary conditions, chapter 2.
 Reaching a selected convergence, the ow is considered steady.
 The model enters the morphological block with the computed hydrodynamic data.
 Using the empirical equations, the bed-load and suspended-load capacities, c
and qb, are estimated according to the studied case, i.e, for the case of current
only, (Eq. 5.19) - (Eq.5.26), and for the case of current and waves, (Eq. 5.27) -
(Eq. 5.48).
73
5. SEDIMENT TRANSPORT MODELING
 The actual suspended-load concentrations are obtained by solving the advection-
diusion equation, (Eq. 5.12).
 The actual bed-load concentrations are obtained by solving the advection equa-
tion, (Eq. 5.18).
 The total sediment load is calculated using (Eq. 5.10).
 The surface evolution (erosion or sedimentation) of the cells is estimated, (Eq.
5.2), until one of them exceeds a certain threshold (depending on sediment mean
size and water depth).
 When the iteration arrives at this threshold, the model goes back to the hydro-
dynamic block, estimating new values for hydraulic variables. As convergence is
reached again, model goes to morphological block and so on.
 The hydrodynamic part and the morphological part are simulated using two dif-
ferent time scales.
 The real time of the whole process is computed depending on the morphological
block iterations because the time between iterations in the hydrodynamic part is
a time of adaptation that in reality happens at the same time of morphological
processes.
5.6 Non-equilibrium Sediment Transport Model Applica-
tions
The present model has been tested to evaluate its applicability producing morphological
changes under current and waves actions. Therefore, it was applied to predict two sets
of experimental results. The simulation results in these test cases are described below.
5.6.1 Case of current-induced only
This model was applied to the experimental results obtained by Thuc, 1991(71) . He
studied sediment transport in shallow rectangular basin. The basin was 5.0 m long
and 4.0m wide. The basin was connected to a channel of 0.2 m in width and 2.0 m in
length in the upstream side. While a 1.2 m wide and 1.0 m long channel was connected
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Figure 5.5: Outline of the sediment transport numerical process.
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to the outlet side, Figure 5.14. The basin was covered with alluvial bed of 0.16m in
depth and had a fall velocity of 0.013 m/s. The water depth at the downstream end
was 0.15 m and the upstream velocity was 0.60 m/s. The basin manning roughness
coecient was 0.022. Figure 5.6 shows the estimated ow velocity eld that erodes
the basin at its inlet. Figure 5.7 compares the measured and calculated bed changes
after 1 hour along the basin centerline. The present model successfully simulates the
scour hole depth and location. On the other hand, depositions are not well estimated.
However, the agreement between calculated and measured results is generally good.
Figure 5.6: Schematic sketch for the shallow basin and the velocity eld.
Figure 5.7: Predicted and measured bed changes along the basin centerline.
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5.6.2 Case of combined wave and current
Van-Rijn (72) has carried out laboratory experiments concerning sediment entrainment
and deposition in a channel perpendicular to the ow direction under wave action. The
channel had a side slope of 1:10 and a depth of 0.125m. The experiment was conducted
in a 17m long, 0.30m wide and 0.5m deep ume. Figure 5.8 shows the schematic
layout of the movable-bed experimental set-up. The upstream current velocity was
0.18 m/sec which resulted in a water depth of 0.225 at the downstream end. A wave
paddle at the upstream side propagated regular waves of 0.08 m in height and had a
wave period of 1.50 seconds. The current and waves were in the same direction. The
initial bed was covered by 0.20 m of sand with a mean diameter of d50= 0.1 mm and
d90= 0.13 mm. Sand sediment ux of 0.0167 kg/m/s was supplied at the upstream of
the channel to avoid upstream erosion or deposition. The bed evolution was observed
after a continuous running of 10 hours. The developed model succeeded in lling the
perpendicular channel with sediment. Figure 5.9 compares the estimated bed prole
with the measured one. A good agreement between both proles was achieved.
Figure 5.8: Schematic sketch for Van-Rijn experimental set-up.
5.7 Equilibrium and Non-equilibrium Sediment Transport
Model Application
The equilibrium and non-equilibrium sediment transport approaches successfully pre-
dicted the bed level change in at bed scour problems. In order to compare both
approaches, they were applied on a 3D scour problem to predict a local scour around
bridge pier and compared with experimental results. Husain et al. (73) have carried out
a series of experiments in straight channel around dierent types of bridge abutments.
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Figure 5.9: Predicted and measured bed changes along the channel centerline.
One of the rectangular abutment cases is selected in this study. The experiments were
conducted in a 15 m long, 1.37 m wide and 0.62 m deep glass ume with longitudi-
nal slope of 6.97x10 5. Figure 5.10 shows the schematic layout of the movable-bed
experimental set-up. The selected abutment dimensions are 0.7 m in length and 0.5
m in width, as shown in Figure 5.10. The model of the abutment is attached to one
side of the ume in the middle of the test section. The running discharge was 0.06
m3/sec, which was resulted in a water depth of 0.22 m and an average velocity of
0.199 m/sec. The initial bed was covered by 0.275 m of sand with a mean diameter of
d50= 0.775mm. The bed evolution was observed after a continuous running of 6 hours.
Figure 5.11 shows the computational domain and the generated cells around bridge
abutment. The unstructured grids are intensied near the front and rear abutment's
nose. Flow eld shows the intensive velocity at the front nose and circulation behind
the bridge pier abutment, Figure 5.12.
Figure 5.13 compares the computed results obtained by the equilibrium and non-
equilibrium approaches and the measured bed data. For both cases, scour occurs at the
front nose of the bridge abutment and deposition appears at the rear nose which is same
as the measured data. Also, the scouring extends to the mid length of the abutments
upstream side. In case of the equilibrium approach, a large scour hole which has a
gentle downstream slope is deformed with greater maximum scour depth of 10.43 cm
than the measured value. On the other hand, the non-equilibrium approach produced
a narrower scour hole with steep slopes and a depth of 9.45 cm. It seems that the non-
equilibrium approach produced a reasonable scour hole shape than the equilibrium one.
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Figure 5.10: (a) Arrangement of the experimental set-up and (b) Schematic sketch for
the abutment model. (unit: m)
Figure 5.11: Computational domain of the generated unstructured grid and close up for
the mesh around the bridge abutment.
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Figure 5.12: Velocity eld around the bridge abutment
This may be caused because the eect of the entrainment and deposition between the
bed-load and the suspended-load layer was not considered in the later. Also, the tuning
parameters  and L played a signicant role while developing this results. Although,
the non-equilibrium model requires more computational eort, it is recommended to be
used under calibrated tuning parameters. The discrepancy between the experimental
and computed may be due to not considering the secondary currents eect and the
assumption of neglecting the vertical acceleration in shallow water equations (Onda et
al. (74), 2006; Hagaiwara et al. (75), 2010). As a result, renement the hydrodynamic
model is needed for better results if a three dimensional application is studied. Taking
into account time consideration, computational cost of most sediment transport models
and that the studied case is mainly a three dimensional scour phenomena, this results
is considered acceptable from engineering point of view.
The computational method was parallelized in a distributed-memory system with
a domain decomposition method. Figure 5.14 shows the computational domain which
was subdivided into 16 sub-domains to shorten the simulation time. The computa-
tion parallel eciency was investigated using coarse, Medium, and ne unstructured
cells with total 687, 1882, and 11538 elements for the scouring problem, respectively.
The computations were performed with the T2K open supercomputer M9000, Kyoto




; and SU = T1p=Tkp (5.49)
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Figure 5.13: Bed variation around the bridge abutment (unit: cm): (a) measured (max.
scour depth = 9.90 cm), (b) calculated (max. scour depth = 10.43 cm)cm), and (c) non-
equilibrium model (max. scour depth = 9.45 cm).
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where Tkp is the computational time using k number processors. Figure 5.15 and Figure
5.16 show the speed-up rate and the parallel eciency using coarse, medium and ne
meshes. The parallel eciency is fair in coarse mesh, but increases when large cells'
number is used. It is expected that signicant parallel eciency will be developed if
very ne mesh is implemented. Parallel eciency indicates how eciently a parallel
computation is done. As shown in these gures, the parallel eciency of the proposed
method is satisfactory in large-scale problems.
Figure 5.14: Mesh decomposition into 16 subdomains.
Figure 5.15: The acquiring speed (SU) using multi-process (P).
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Figure 5.16: Parallel eciency (PE) using multi-process (P).
5.8 Summary
A numerical prediction method for equilibrium and non-equilibrium sediment trans-
port under current and wave actions has been developed in the present study. The
devolved model is based on MACS algorithm with unstructured collocated grid sys-
tem using the distributed memory system. The partial dierential equations for 2D
shallow water ow, suspended-load, bed-load sediment and bed evolution were success-
fully incorporated to predict the bed morphological changes. The developed model has
been tested in dierent laboratory cases: scour downstream solid apron, shallow basin
erosion due to clear water, sedimentation in a channel perpendicular to unidirectional
ow of current and waves and local scouring around bridge pier abutment. Generally,
good agreement was obtained between numerical simulation results and experimental
data. This fact shows that the present numerical method is able to predict the sand
bed proles reasonably. The numerical simulation results recommended the use of the
non-equilibrium model. In addition, it was demonstrated that the parallel eciencies




Flow High Resolution Model
One of the major goals of this study is to provide a better understanding of which
factors control the water salinity in El-Burullus Lake. In chapter 3 and chapter 4, some
solutions were proposed to restore the lake salinity dynamics. A new discharge routing
was proposed to simulate the ood routing as before constructing Aswan High Dam
which may aect the lake stratication. Stratication acts as a barrier restraining
the mixing of the water column. As a result of the incomplete mixing of the water
column and lack of light for the photosynthesis in deeper layers, the water column may
become anoxic. Assessing the exchanges between water layers is important because they
inuence the trophic organization of the ecosystem. Accordingly, in this chapter, a 2D
vertical multi-phase numerical model has been developed for studying stratication
process of El-Burullus shallow coastal lake due to density variation. The present model
describes a multiphase system for immiscible and incompressible uids with collocated
grid system. The computations are parallelized and simultaneously performed with
shared-memory system, which are implemented by OpenMP (Open Multiprocessing).
The developed model is validated against the experimental data for the lock-exchange
problem. In addition, saltwater intrusion into Ohashi River is simulated and validated
using eld measured data. Finally, the model is applied on El-Burullus Lake to assess
the possibility of its stratication under the new proposed routing.
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6.1 Numerical Procedures
6.1.1 Flow governing equations
The basic governing equations for ow are the mass conservation equation and mo-






































 rui  n dl (6.2)
where t is time;  is the cell averaged uid density; ui is the velocity component
with subscript i = 1 and 2 in x- and z- directions, respectively; x and z are the vertical
orthogonal coordinates; n is the unit normal vector on the domain boundary @
 towards
the outside direction; p and  are the average uid pressure and dynamic viscosity,
respectively; and fi is the external force component due to acceleration.
6.1.2 The interface tracking method
The motion of the interface between immiscible liquids of dierent densities and vis-
cosities is dened by the volume fraction function  and the interface is convected using
the computed velocity eld by the following three conditions:
 =
8><>:
= 1; uid 1
0 < > 1; interface
= 0; uid 2
(6.3)










u  n dl = 0 (6.4)
Eq.(6.4) states that  moves with the uid and is considered as a ag identifying cells
that contain uid as shown in Figure 6.1. According to the local value of , appropriate
properties and variables are assigned to each cell within the domain.
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Figure 6.1: Tracking the interface surface between dierent uids according to the value
of the volume fraction function .
6.1.3 Convection diusion equation for transported concentration

















rc  n dl (6.5)
where c is the transported concentration, and c is Schmidt number for concentration
diusion, which represents the ratio of viscosity to uid diusivity.
6.1.4 Computational procedure
The Numerical computation consists of four stages: ow computation, interface track-
ing, concentration calculation, and updating uid properties stages. The governing
equations are discretized in a collocated grid system and solved with a nite volume
method.
In ow computation stage, the ow equations, Eq.(6.1)-Eq.(6.2), are solved ac-
cording to the existing domain and boundary conditions. Estimated velocity
components are obtained at the cell center using pressure at the present compu-
tational step while upwind scheme is used to calculate convective terms. The cell
center velocity components are interpolated at the cell boundaries. C-HSMAC al-
gorithm (76) is used to correct the pressure eld so that the divergence of velocity
in a cell should be less than a small threshold value. This algorithm for pressure
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computation has the power to deal with large density contrast uids (77). The
cell centered velocity components then are corrected with the obtained pressure
values.
In the interface tracking stage, the volume fraction function  is calculated from
Eq.(6.4) using the computed velocity eld. The interface between dierent uids
is achieved and hence various uid zones can be determined.
In the concentration calculation stage, concentrations can be estimated using the
convection-diusion equation, Eq.(6.5), using the computed velocity eld.
In the updating uid properties stage, a simplied equation of state is used to
compute density according to the volume fraction function and concentration
values, given in a simple linear equations:
 = l + (1  )g (6.6)
 =




l = o + (c  co) (6.8)
where  is the cell average density according to the existing uid; l and g are
the densities of two-phase immiscible uids (liquid and gas);  is the cell average
viscosity according to the existing uid; l and g are the viscosities of the two-
phase immiscible uids; o and co are the reference density and concentration
values which are usually taken as 0.998 g/cm3 and zero, respectively, for fresh
water; and  is the direct proportional coecient of the salinity gradient between
the maximum and minimum value.
Finally, the model goes to the ow computation stage again to calculate the water
pressure and the ow velocity eld and so on.
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6.1.5 Open multiprocessing computation technique (OpenMP)
A parallel computation technique in shared memory system is implemented in the
present model. This model is parallelized by OpenMP (Open Multiprocessing) (78).
OpenMP is an implementation of multithreading, a method of parallelizing whereby a
master thread (a series of instructions executed consecutively) forks a specied number
of slave threads and a task is divided among them, Figure 6.2. The threads then run
concurrently, with the FORTRAN runtime environment allocating threads to dierent
processors. This process enables us to signicantly reduce the elapsed time of the
large-scale computations.
Figure 6.2: An illustration of multithreading process where the master thread forks o a
number of threads which execute blocks of code in parallel.
6.2 Model Validation With Experimental Results
The present model has been tested to evaluate its applicability. Therefore, it was
applied to density stratication problems and compared with experimental results and
eld data. The simulation results for these test cases are described below.
6.2.1 Lock-exchange problem
The lock-exchange test or dam break problem is dened as water of dierent densities
are separated by a vertical barrier which is removed at time zero. Lock exchange
involving uids either with small density dierences (the Boussinesq case) or with large
density dierences (the non-Boussinesq case). The removal of the barrier results in
a gravity current of the lighter uid propagating at constant speed along the upper
89
6. TWO-DIMENSIONAL MULTI-PHASE FLOW HIGH RESOLUTION
MODEL
surface of the channel into the heavy uid. In the opposite direction a gravity current
of the heavier uid propagates also at constant speed along the bottom of the channel.
The lock-exchange test represents mixing processes that occur frequently in geophysical
uid dynamics. For the Boussinesq case: When a fresh water river empties into a salt
water estuary while for the non-Boussinesq case: the volcanic eruptions often take the
form of gravity currents. The density within the ow is a result of suspended ash and
hot rocks, and is often many times larger than the surrounding air. Figure 6.3 presents
a sketch for the used the lock-release cell, showing two uids of densities 1 and 2, each
having a depth of H and separated by a removable lock gate. Herein, the Boussinesq
and Non-Boussinesq lock-exchange tests have been used to validate the developed code.
Figure 6.3: Sketch of the lock-release tank.
6.2.2 Boussinesq lock-exchange experiment
This model was applied to the Boussinesq lock-exchange experimental results obtained
by Kolar et al. (79). The density cell had internal dimensions of length (B) = 58.4
cm, height (H) = 29.5 cm, and width = 2.54 cm. The both mixing uids were initially
separated by the barrier which was 0.4 mm thick of stainless steel sheet. The both
mixing uids were fresh water and saline water with a salt concentration of 17.5 ppt.
Water at room temperature was used, resulted in a heavy water density (1) of = 1.011
g/cm3 and a light water density (2) of 0.998 g/cm3, for a density ratio of 0.987, which
was clearly in the Boussinesq realm.
Herein, we present high resolution outcomes for direct and quantitative comparison
of experimental and numerical results throughout the domain, not just the wave front.
Figure 6.4 compares the model results with the laboratory experiments and determines
how well the model captured the evolution of a density eld that is driven entirely
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Figure 6.4: Comparison of experimental and predicted results for the density current
propagation sequences for the Boussinesq lock-exchange case; (left) laboratory results and
(right) model results.
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by gravity currents.This gure clearly shows a good agreement between the calculated
density propagation of the wave front compared with those which are experimentally
measured. In addition, a coincidence between the front position for the estimated and
the measured data was obtained as shown in Figure 6.5.
Figure 6.5: Comparison of the front position estimated from the laboratory experiments
and the present model for the Boussinesq lock-exchange case.
6.2.3 Non-Boussinesq lock-exchange experiment
Lowe et al. (80) have carried out a series of experiments on the lock exchange involving
uids with large density dierences - the non-Boussinesq case. One of the experiments
is selected in this study. The experiments were performed in a rectangular channel
using two uids of density ratio ( = 0.681). The less dense uid was freshwater (2
= 0.998 g/cm3) and the denser uid was either a solution of sodium chloride (NaCl)
or sodium iodide (NaI) (1 = 1.466 g/cm3). The channel length was B = 182 cm, 23
cm wide and was lled to a depth of H = 20 cm. The ow was started by a vertically
removing lock gate.
Figure 6.6 compares the model results with the laboratory experiments and de-
termines how well the model captured the evolution of a density eld that is driven
entirely by gravity currents. This gure clearly shows an acceptable agreement be-
tween the calculated density propagation of the wave front compared with those which
are experimentally measured but in a dierent time scale. In addition, the developed
model successfully predicted the bore within the heavy front. The front velocity of the
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Figure 6.6: Comparison of experimental and predicted results for the density cur-
rent propagation sequences for the non-Boussinesq lock-exchange case, (where t =
t
p
(g(1  ))=H); (left) model results and (right) laboratory results.
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density current is almost the same for the light case as well as the heavy case as shown
in Figure 6.7 and Figure 6.8. In the heavy front case, discrepancy may be observed
because of the gate removal eect.
Figure 6.7: Comparison of the relative front position estimated from the laboratory
experiments and the present model for the non-Boussinesq lock-exchange case for light
front.
Figure 6.8: Comparison of the relative front position estimated from the laboratory
experiments and the present model for the non-Boussinesq lock-exchange case for heavy
front.
6.3 The Model Application on Ohashi River, Japan
The Ohashi River in southwest Japan is a tidal river located between two brackish
lakes, Shinji and Nakaumi, Figure 6.9. These brackish lakes are stably stratied due
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to salinity (density) dierences. Nakaumi Lake is strongly aected by the salt water
entering from the Sea of Japan through Sakai channel while the freshwater Hii River
inuenced on Lake Shinji. The density gradient has a signicant impact on water
movement in the Ohashi River. In this study, the eld measured data (September 10,
1999) for the saltwater intrusion into the Ohashi River are used to validate the present
model(81). Figure 6.9 shows the nine measuring stations along the Ohashi River.
Figure 6.9: Geographical location of the Ohashi River and sampling locations: (a) lo-
cation in the Lake Shinji-Nakaumi system and (b) nine sampling localities in September,
1999.
The salinity initial conditions of the salinity concentration values, computational
domain, and the two lakes water levels are introduced in Figure 6.10. The model run
starting time was 10:30 Am. The used simulation time period was chosen to decrease
the eect of temperature on density values. The computational domain was separated
vertically into two phases, air at top and water at bottom with dierent concentrations.
A computational time step of 0.1 sec. and a computational grid of 0.25m and 100m
in the vertical and the horizontal directions, respectively, were used in the numerical
calculations. The linear wave theory was used to calculate the intrusion water ux
from Lake Nakaumi using the water level dierence between the two lakes. The model
results show good agreement against the measured data for salinity concentrations at
14:30 Pm and 16:30 Pm as shown in Figure 6.11 and Figure 6.12. However, model
renement is needed to avoid the stripping shape of salinity concentrations.
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Figure 6.10: Initial conditions at 10:30 Am: (a) water level uctuation, (b) measured
salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi
River.
96
6.3 The Model Application on Ohashi River, Japan
Figure 6.11: Comparison of the measured and the estimated results at 14:30 Pm: (a) wa-
ter level uctuation, (b) measured salinity values along the Ohashi River, and (c) estimated
salinity values along the Ohashi River.
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Figure 6.12: Comparison of the measured and the estimated results at 16:30 Pm: (a) wa-
ter level uctuation, (b) measured salinity values along the Ohashi River, and (c) estimated
salinity values along the Ohashi River.
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6.4 The Model Application on El-Burullus Lake
The present model is applied on El-Burullus Lake breach-way, Figure 6.13. The lake
hydrodynamic behavior, salinity propagation and the eect of changing the fresh water
routing on the lake stratications are studied for further understanding. The lake was
studied under actions of the total ux of fresh water and sea water level boundary
conditions as shown in Figure 6.14. Due to the lake shallowness, the water density is
assumed to be varied based on the salinity concentration dierences where the vertical
temperature distribution is considered almost uniform. The numerical simulation re-
sults revealed the eectiveness of the new routing. The salinity can intrude the lake as
shown in Figure 6.14. In addition, It is necessary to use the three dimensional study
because of the horizontal propagation of the salinity current cannot be considered by
the present model.
Figure 6.13: Geographical location of El-Burullus breach-way.
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Figure 6.14: Layout of the used boundary conditions; (a) case of current status routing
and (b) case of new-routing.
6.5 Summary
A two-dimensional multiphase numerical model for incompressible, immiscible and vari-
able density uids has been developed to study stratication process of brackish coastal
lakes due to density variation. The governing equations are discretized in a collocated
grid system and solved with a nite volume method. The developed model successfully
predicted the density current propagation in the lock-exchange problems for Boussinesq
and non-Boussinesq experimental cases. In addition, saltwater intrusion into Ohashi
River is simulated and validated using eld measured data. The predicted model still
needs renement to avoid concentration oscillations. The present model is applied on
El-Burullus Lake for further understanding of the lake hydrodynamic behavior and
the eect of changing the fresh water routing on the lake stratications. The lake
was studied under actions of the total ux of fresh water and sea water level bound-





In this chapter, the computational method for multiphase elds, MICS, (Multiphase In-
compressible ow solver with Collocated grid System) is used to detect the density cur-
rent propagation (82). This method predicts the interaction between three-dimensional
(3D) free surface ows and solid bodies. The free-surface ow including solid objects
is modeled as a multiphase ow eld. The governing equations for the eld are solved
on the basis of a nite volume method with collocated grid system. Computations are
simultaneously performed with the distributed-memory system which allows us to sig-
nicantly reduce the elapsed time of computation. The model is validated against the
experimental data for the lock-exchange problems and the shallow coastal lake system.
7.1 Numerical Procedures
7.1.1 Basic equations
In MICS method, the multiphase eld 
 consisting of gas, liquid and solid phases is
treated as a mixture of uids, which is the collection of the immiscible and incom-
pressible uids 
i, as shown in Figure 7.1. The governing equations for the multiphase
eld, which correspond to of the so-called one-uid model, are the mass conservation











u  n dl = 0 (7.1)
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where t is time;  is the cell averaged uid density; ui is the velocity component
with subscript i = 1, 2 and 3 in x, y and z directions, respectively; x, y and z are
the orthogonal coordinates; n is the unit normal vector on the domain boundary @

towards the outside direction; fi is the external force component due to acceleration; p
and  are the cell averaged uid pressure and viscous coecient, respectively; and 
k
is the volume of the uid-k.
Figure 7.1: Multiphase eld 





The physical values of the mixture of uids need to be determined for each uid cell.
Since the uid cell is based on the Eulerian grid which is xed in the space. The volume-
averaged physical value  in the cell C is estimated with the following equation:







where  g,  l, and  bk are physical values of gas, liquid phases and the object-k, Ok,
respectively. The volume fraction of liquid and solid phases in a uid-cell is given by f ,
while the fraction of the solid part is dened by k. The fraction k is approximated
with a sub-cell method, as illustrated in Figure 7.2. When an element is included in the
multiple uid-cells, each uid-cell is divided into multiple sub-cells and k is determined
from the number of sub-cells included in the element.
Figure 7.2: Subcell method; (a) In case of the solid object in a single uid-cell and (b)
In case of the solid object in multiple uid-cells
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7.1.3 Convection diusion equation for transported concentration

















rc  n dl (7.9)
where c is the transported concentration, and c is Schmidt number for concentration
diusion, which represents the ratio of viscosity to uid diusivity.
7.1.4 Computational procedure
The basic equations are dicretized in a collocated grid system and solved with a nite
volume method. The volume fraction of the solid object included in a uid-cell is evalu-
ated with the tetrahedron sub-cell method and the volume-averaged physical properties
are evaluated using Eq.(7.8). Then, on the basis of the computational method for in-
compressible uids, a tentative velocity components are calculated at the cell center
points with the C-ISMAC method (21) while the convection terms are estimated with
the fth-order TVD scheme. The derived velocity components are spatially interpo-
lated on the cell-boundaries and the pressure computations are performed with the
C-HSMAC method in order to prevent pressure oscillation(76). The free-surface pro-
les are calculated from Eq.(7.1) with a non-diusion lter. Concentrations can be
estimated using the convection-diusion equation, Eq.(7.9), using the computed veloc-
ity eld. A simplied equation of state is used to compute the liquid density according
to the concentration values, given in a simple linear equation:
 = o(1  c) (7.10)
where o is the reference density which are usually taken as 0.998 g/cm3 for fresh water;
and  is the direct proportional coecient of the concentration gradient between the
maximum and minimum value.
The computational cells are decomposed into multiple sub-domains and their com-
putations are simultaneously performed with distributed-memory system on the basis of
a 3D domain decomposition method. This method is implemented by message-passing
interface (MPI) which allows us to signicantly reduce the elapsed time of computation.
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7.2 Model Validation With Experimental Results
The present model has been tested to evaluate its applicability. Therefore, it was
applied to density stratication problems and compared with experimental results.
The simulation results for these test cases are described below.
7.2.1 Boussinesq lock-exchange experiment
This model was applied to the Boussinesq lock-exchange experimental results obtained
by Kolar et al. (79). The density cell had internal dimensions of length (B) = 58.4
cm, height (H) = 29.5 cm, and width = 2.54 cm. The both mixing uids were initially
separated by the barrier which was 0.4 mm thick of stainless steel sheet. The both
mixing uids were fresh water and saline water with a salt concentration of 17.5 ppt.
Water at room temperature was used, resulted in a heavy water density (1) of = 1.011
g/cm3 and a light water density (2) of 0.998 g/cm3, for a density ratio of 0.987, which
was clearly in the Boussinesq realm.
Herein, we present high resolution outcomes for direct and quantitative comparison
of experimental and numerical results throughout the domain, not just the wave front.
Figure 7.3 compares the model results with the laboratory experiments and determines
how well the model captured the evolution of a density eld that is driven entirely by
gravity currents. This gure clearly shows a good agreement between the calculated
density propagation of the wave front compared with those which were experimentally
measured. In addition, a coincidence between the front position for the estimated and
the measured data was obtained as shown in Figure 7.5.
7.2.2 Non-Boussinesq lock-exchange experiment
Lowe et al. (80) have carried out a series of experiments on the lock exchange involving
uids with large density dierences - the non-Boussinesq case. One of the experiments
is selected in this study. The experiments were performed in a rectangular channel
using two uids of density ratio ( = 0.681). The less dense uid was freshwater (2 =
0.998 g/cm3) and the denser uid was either a solution of sodium chloride (NaCl) or
sodium iodide (NaI) (1 = 1.466 g/cm3). The channel length was B = 182 cm, width
23 cm wide and was lled to a depth of H = 20 cm. The ow was started by a vertically
removing lock gate.
105
7. THREE-DIMENSIONAL MULTIPHASE MODEL
Figure 7.4 compares the model results with the laboratory experiments and de-
termines how well the model captured the evolution of a density eld that is driven
entirely by gravity currents. This gure clearly shows an acceptable agreement be-
tween the calculated density propagation of the wave front compared with those which
are experimentally measured but in a dierent time scale. In addition, the developed
model successfully predicted the bore within the heavy front. The front velocity of the
density current is almost the same for the light case as well as the heavy case as shown
in Figure 7.6. Discrepancies may be observed because of the gate removal eect.
7.2.3 Nakaumi-Shinji coastal lakes system experiment
Nakaumi and Shinji are brackish coastal lakes connected by the Ohashi River. Labo-
ratory experiments on the density stratication of Nakaumi-Shinji coastal lakes system
were carried out by Kimura et al. (83). A simplied physical model of 1/25000 was
used to study the behavior of saline water propagation to brackish lake through a river.
Figure 7.7 shows a schematic sketch for the used physical model set-up. In this model,
Lake 1 is representing the brackish Lake Shinji while Lake 2 is representing the saline
water Lake Nakaumi. The two lakes are connected by Ohashi River which controls
the salinity propagation between them. Case B was selected in this study where the
water depth in Lake 1 was 6.0 cm and the river width was 4.0 cm. The experiment was
conducted using the lock exchange technique. The both mixing uids were fresh water
and saline water with a salt concentration of 1%, 2% and 3%.
Figure 7.8 shows the used computational domain and the used tetrahedron solid
block. At the solid object cells, the velocity is set to zero. Figure 7.9 presents a
visualization plot for the density current propagation. Fresh water propagates into Lake
1 in the upper layers while the saline water encroach Lake 2 through the bottom layers.
Figure 7.10 compares the model results with the laboratory results. This gure clearly
shows a good agreement between the calculated density propagation front position and
those that are experimentally measured. The present model is successfully able to
predict density current due to density variations.
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Figure 7.3: Comparison of experimental and predicted results for the density current
propagation sequences for the Boussinesq lock-exchange case; (left) laboratory results and
(right) model results.
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Figure 7.4: Comparison of experimental and predicted results for the density cur-
rent propagation sequences for the non-Boussinesq lock-exchange case, (where t =
t
p
(g(1  ))=H); (left) model results and (right) laboratory results.
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Figure 7.5: Comparison of the front position estimated from the laboratory experiments
and the present model for the Boussinesq lock-exchange case.
Figure 7.6: Comparison of the relative front position estimated from the laboratory
experiments and the present model for the Boussinesq lock-exchange case; (a) light front
and (b) heavy front
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Figure 7.7: Schematic sketch for the physical model set-up.
Figure 7.8: The computational domain representing the brackish lakes system.
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Figure 7.9: The density current propagation into lake 2.
7.3 The Model Application on El-Burullus Lake
The 3D multiphase model is applied on El-Burullus Lake to test the model ability to
predict density stratication in large scale problems. Figure 7.11 and 7.12 show the
layout of the El-Burullus Lake which is produced by the 3D multiphase model. The
present model is a direct numerical simulation in which the Navier-Stokes equations
are numerically solved without any turbulence model. Therefore, the computational
cost is very high and the computational resources required exceed the capacity of the
supercomputer. However, it is possible to perform numerical experiments for short-
term periods allowing a better understanding of the brackish lakes physics. The lack of
the short-term data for El-Burullus Lake built a barrier to compare the model results
with eld data. Given the potential of the 3D multiphase model it is likely that rapid
growth of the future high-performance computer architectures is set to continue.
7.4 Summary
3D multiphase model based on MICS algorithm is used to detect the density current
propagation. This method predicts the interaction between three-dimensional (3D) free
surface ows and solid bodies. The free-surface ow including solid objects is modeled
as a multiphase ow eld. The governing equations for the multiphase eld are solved
on the basis of a nite volume method with collocated grid system. The model is
successfully predicted the density current propagation in the lock-exchange problems
for Boussinesq and non-Boussinesq experimental cases. Moreover, the model is applied
to the experimental results of the Nakaumi-Shinji coastal lakes system. Good agreement
between experimental results of the density current propagation front position and those
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Figure 7.10: Comparison of experimental and predicted results for the saline water front
position for dierent saline water concentrations; (a) 3% concentration, (b) 2% concentra-
tion, and (c) 1% concentration.
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Figure 7.11: Layout of El-burullus simulated by the 3D multiphase model.
Figure 7.12: Aerial view for the lake produced by the present model.
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that are numerically estimated. Short-term measurement data is needed to simulate




This study is representing a numerical study for El-Burullus lagoon brackish water
as a model example for the other Egyptian coastal lakes on the Mediterranean Sea.
This lake ecosystem has deteriorated since Aswan High Dam Construction, 1965. It
is suering from many problems, which might lead to environmental degradation and
substantial changes in its ecosystem. Lake salinity has suered from signicant decrease
due to excess unregulated drainage water euent into the lake, which aected the lake
ora and fauna. The purpose of the current study is to restore the salinity conditions
of El-Burullus Lake to those before the construction of Aswan High Dam. For this
purpose, three models are developed to simulate the lake hydrodynamics, circulation
and salinization dynamics process as follows:
8.0.1 Depth-averaged mass transport model
This model is based on MACS algorithm with unstructured collocated grid system us-
ing the distributed memory system. The model numerical solutions is built on recent
advances to couple numerical processes of hydrodynamic and mass transport equations
using the FVM in discretization. Further, on the basis of a domain decomposition
method, the unstructured cells are decomposed into multiple sub-domains and their
computations are simultaneously performed with distributed-memory system. This
method is implemented by MPI which signicantly reduce the elapsed time of com-
putation. It was demonstrated that the parallel eciencies are attained by parallel
computations. This model is able to predict the mass transported concentrations in
shallow waters. The model has been successfully veried against analytical solution to
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the advection diusion equation and experimental measurements to transported con-
centration cloud in a meandering channel.
Furthermore, a numerical prediction method for equilibrium and non-equilibrium
sediment transport under current and wave actions has been included in the present
model. The partial dierential equations for 2D shallow water ow, suspended-load,
bed-load sediment and bed evolution were successfully incorporated to predict the bed
morphological changes. The developed model has been tested in dierent laboratory
cases: scour downstream solid apron, shallow basin erosion due to clear water, sedi-
mentation in a channel perpendicular to unidirectional ow of current and waves and
local scouring around bridge pier abutment. Generally, good agreement was obtained
between numerical simulation results and experimental data. This fact shows that the
present numerical method is able to predict the sand bed proles reasonably. After
model verication, the developed model is applied to El-Burullus shallow coastal lake
in Egypt. Salinity distribution inside the lake is reasonably simulated considering the
eect of bathymetry, tidal current, wind, precipitation, evaporation and drainage dis-
charges. It is veried that the model has the potential for simulating long-term coastal
processes using parallel computation.
8.0.2 Two-phase ow mass transport model
A two-dimensional multiphase numerical model for incompressible, immiscible and vari-
able density uids has been developed to study stratication process of brackish coastal
lakes due to density variation. The governing equations are discretized in a collocated
grid system and solved with a nite volume method. A parallel computation technique
in shared memory system is implemented in the present model by Open Multiprocessing
(OpenMP). The developed model successfully predicted the density current propaga-
tion in the lock-exchange problems for Boussinesq and non-Boussinesq experimental
cases. In addition, the model is applied to simulate salinity intrusion into Ohashi River
that connects Nakaumi and Shinji brackish coastal lakes. The developed model suc-
cessfully predicted the density current propagation in the River. However, this model
still needs renement to avoid concentration oscillations.
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8.0.3 Three-dimensional multiphase model
This model is based on MICS algorithm which predicts the interaction between three-
dimensional (3D) free surface ows and solid bodies. The free-surface ow including
solid objects is modeled as a multiphase ow eld. The governing equations for the
eld are solved on the basis of a nite volume method with collocated grid system.
The model successfully predicted the density current propagation in the lock-exchange
problems for Boussinesq and non-Boussinesq experimental cases. Moreover, the model
is applied to the experimental results of the Nakaumi-Shinji coastal lakes system. Good
agreement between experimental results of the density current propagation front posi-
tion and those that are numerically estimated.
8.0.4 El-Burullus shallow coastal lagoon
The validated depth-averaged mass transport model is applied to Burullus shallow
coastal lake, Egypt. Salinity distribution inside the lake has been reasonably simu-
lated considering the eect of bathymetry, tidal, wind, precipitation, evaporation and
drainage discharges. Five scenarios were studied for further understanding of the lake
circulation and salinity dynamics and to investigate possible means of restoring them to
the desired state as before Aswan High Dam Construction. Salinity dynamics have been
simulated for various possible scenarios: before constructing Aswan High Dam, current
status, drainage discharge elimination, case of adding new breach-way, and changing
drainage water routing, in order to adequately manage temporal salinity in Burullus
lagoon. These scenarios revealed the importance of fresh drainage water discharges into
the lake and the possibility to eliminate the euent discharge during January to March
which allow sea water to invade the lake and permit salinity exchange. The stored water
can be used as an articial ood similar to pre-Aswan High Dam construction ood,
which unexpectedly increases the lake water level to become brackish water again.
In addition, the present model is used to investigate the impact of climate change on
salinization process in El-Burullus Lake. The model is used to predict the salinization
and circulation processes occurring under the eect of two global emission scenarios
(SRES A2 and SRES B1) archived from the 2007 IPCC Fourth Assessment Report
(AR4) which are abstracted from four dierent atmosphere-ocean coupled general cir-
culation models (AOGCMs). Climate change will lead to double the salinity values
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inside El-Burullus Lake under the current conditions of drainage ux. Though results
show that salinity values will increase to double the current values, they are still much
lower than those before constructing Aswan High Dam. A dynamic discharge system is
proposed to re-originate lakes salinity under climate change conditions where it is rec-
ommended to reduce winter season drainage ux by 75% and release it again uniformly
during summer and autumn seasons. This may improve salinity values and circulation
in the lake, which may re-originate the lake's aquatic ora and fauna, and enhance its
ecosystem.
The multiphase models are applied on El-Burullus Lake for further understanding
of the lake hydrodynamic behavior and the eect of changing the fresh water routing
on the lake stratication. Using the Two-phase model, the lake is studied under ac-
tions of the total ux of fresh water and sea water level boundary conditions. The
numerical simulation results revealed the necessity of the three dimensional study. The
3D multiphase model is then applied to El-Burullus Lake to test the model ability to
predict density variations in large scale problems. The 3D multiphase model is a di-
rect numerical simulation in which the Navier-Stokes equations are numerically solved
without any turbulence model. Therefore, the computational cost is very high and the
computational resources required exceed the capacity of the supercomputer. However,
it is possible to perform numerical experiments for short-term periods allowing a bet-
ter understanding of the brackish lakes physics. The lack of the short-term data for
El-Burullus Lake built a barrier to compare the model results with eld data. Given
the potential of the 3D multiphase model it is likely that rapid growth of the future
high-performance computer architectures is set to continue.
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